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Biofuels (e.g. bioethanol, biodiesel, etc.), are considered to be a group of sustainable 
energy carriers which may substitute fossil fuels and hence mitigate the atmospheric 
pollution and global warming. The purification of biofuels is one of the major 
obstacles to their commercialization. Among many potential separation techniques, 
membrane-based pervaporation provides the most effective and eco-friendly approach. 
However, the development of pervaporation is limited by membrane materials; the 
exploration of novel feasible materials is of great significance. This research work 
aimed at design of both polymeric and inorganic membranes for pervaporative 
dehydration of biofuels. Three kinds of membranes have been thoroughly investigated 
with respect to their fundamental mass transport properties: Sulfonated 
polyphenylsulfone (sPPSU) membrane, graphene oxide (GO) inorganic film, triazine 
framework-based microporous (TFM) membrane. Additionally, the sPPSU polymers 
have also been engineered into dual-layer hollow fiber membranes for tentative 
evaluation of their scale-up capacity. 
 
Firstly, pervaporation membranes made of sPPSU materials were developed and 
applied for dehydration of C1-C4 alcohols. Compared to their non-sulfonated 
polyphenylsulfone (PPSU) counterpart, the sPPSU membranes can achieve both 
higher permeability and higher selectivity. Fundamental study of sPPSU membranes 
unveils some improvements on mechanical and thermal properties as well as 
hydrophilicity compared to PPSU. Moreover, the pervaporation characteristics and 
the temperature dependence of sPPSU membranes are examined with respect to the 
dehydration of an ethanol/water mixture. Sorption analyses indicate that membrane 
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selectivity is mainly attributed to the preferential diffusion of water molecules through 
the membranes.  
 
Secondly, a novel free-standing GO thin film with well-organized layered structure 
was assembled by a pressurized ultrafiltration method. The effects of ultrafiltration 
pressure and feed composition on the film microstructure and pervaporation 
performance for dehydration of ethanol were investigated and correlated with XRD 
and PAS observations. Experimental results suggest that the interlaminar spacing is 
determined by both packing density of GO nanosheets and water content in the feed 
solution. The packing density is sensitively affected by the ultrafiltration pressure 
applied during the film formation. Additionally, the ideal water/ethanol selectivity 
calculated from single-component feed tests is much higher than the selectivity 
obtained from binary-component feed tests. This discrepancy is probably attributed to 
the effect of inter-molecular hydrogen bonding between water molecules and the 
functional groups on GO nanosheets that enlarges the interlaminar spacing and allows 
more ethanol transport through the GO film. 
 
Thirdly, the microstructural transformation of the TFM membranes was explored in 
this work. The free volume size of the TFM membranes gradually evolved from a 
unimodal distribution to a bimodal distribution under annealing, as analyzed by 
positron annihilation lifetime spectroscopy (PALS). The emergence of the bimodal 
distribution is probably ascribed to the thermal-induced cyclization reaction that 
converts the last portion of residual nitrile pendants to triazine crosslink. Vapor 
sorption tests reveal that the mass transport properties are closely associated with the 
free volume evolution, which provides an optimal condition for dehydration of 
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biofuels. A promising separation performance with extremely high water permeability 
has been attained for separation of an ethanol aqueous mixture. The study on the free 
volume evolution of the TFM membranes may shed light on the micro-structure and 
mass transport behavior of the microporous polymeric materials. 
 
Considering the importance of hollow fiber for industry use, the formation of dual-
layer hollow fiber membrane with an ultra-thin and defect-free skin layer has also 
been studied. A novel sPPSU/PPSU based dual-layer hollow fiber membrane with a 
nanometric thin skin layer has been designed for biofuel dehydration via 
pervaporation. The thickness of skin selective layer is in the range of 15-90 nm under 
different spinning conditions measured by positron annihilation spectroscopy (PAS). 
The effects of outer-layer dope properties, coagulation temperature and dope flow rate 
during spinning were systematically investigated. By tuning these spinning 
parameters, a high performance sPPSU/PPSU based dual-layer hollow fiber 
membrane with desirable morphology was successfully obtained. In addition, 
excellent correlations were found among the results from field emission scanning 
electron microscopy (FESEM), PAS spectra and separation performance.  
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CHAPTER 1: INTRODUCTION 
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1.1 Basic concept of membrane separation 
A membrane applied in every separation process serves as a semi-permeable barrier 
that preferentially transports certain molecules while retaining others and therefore 
achieves separation [1-3]. A brief but complete definition of ―membrane‖ describes it 
as ―a phase or a group of phases that lies between two different phases, which is 
physically and/or chemically distinctive from both of them and which, due to its 
properties and the force field applied, is able to control the mass transport between 
these phases‖ [4]. Nowadays, membrane science and technology has gained an 
important role as an alternative to conventional separation techniques, such as 
distillation and extraction, in a broad spectrum of applications owing to its 
environmentally benignancy and efficiency in energy/cost aspects.  
 
A variety of different membrane applications have been employed in industry. The 
applications of membrane in separation process depend on the mass transport 
mechanism which is mainly reflected in the driving force for molecules to pass 
through the membrane. Based on the driving force and the membrane structure, 
membrane separation processes can be categorized into microfiltration, ultrafiltration, 
nanofiltration, reverse osmosis, dialysis, electrodialysis, gas separation, pervaporation, 
and membrane distillation. Table 1.1 tabulated the driving force, membrane pore size 
and major application areas of each separation process [5].  
 
In this introduction chapter, the basic concept of membrane separation is briefly 
introduced followed by a specific introductory section for pervaporation membrane. 
Afterward, a survey on current applications of pervaporation in industry will be 
recapped followed by an elaboration of the key challenges in development of 
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pervaporation membrnes. In the last part of this chapter, the research objectives and 
organization of this dissertation are presented. 
 
Table 1.1. Membrane classifications based on driving force. 
Driving force  
Membrane 
operation  







Water purification, sterilization 
of solutions and gases  
Ultrafiltration  2-10 nm Separation of proteins and virus  
Nanofiltration  0.5-5 nm 
Separation of dye and sugar, 
water softening  
Reverse Osmosis  Dense 
Sea and brackish water 
desalination  
Pressure gradient Gas separation  Dense 
Hydrogen recovery, air 
separation and CO2 capture  
Vapor pressure 
gradient  
Pervaporation  Dense 
Separation of organic mixtures 







Dialysis  1-100 nm 
Purification of blood (artificial 
kidney)  
Forward osmosis  Dense Seawater desalination  
Electriochemical 





Separation of electrolytes  
 
1.2 Introduction of membrane pervaporation 
Pervaporation (PV) is a fast-growing membrane-based separation technique for 
liquid/liquid separations [3, 6]. The term ―pervaporation‖ is a combination of 
membrane permeation and evaporation in a process where the membrane acts as a 
selective barrier between the two phases, the liquid phase feed and the vapor phase 
permeate [3, 7, 8]. The schematic diagram of the pervaporation process is shown in 
Figure 1.1. In this process, the liquid feed containing two or more components is 
loaded to contact one side of a membrane. One of the components is then 
preferentially absorbed onto the membrane surface, diffuses through the membrane 
and evaporates as a vapor from the other side of the membrane. The driving force for 
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the mass transport is the chemical potential gradient (fugacity gradient for each 
species) across the membrane, which can be created by applying either a vacuum 
pump or an inert gas purging on the permeate side to maintain the permeate vapor 
pressure lower than the partial pressure of the feed liquid. The separation is therefore 
achieved resulting from the sorption and diffusion differences between the 
components in feed. The partial vaporization of feed molecules and a phase change of 
the penetrants are the distinctive features of a pervaporation process.  
 
Figure 1.1. Schematic diagram of pervaporation process 
 
To date, pervaporation has attracted more and more attention due to its effectiveness 
in separating azeotropic mixtures, close boiling point mixtures, isomers and heat-
sensitive mixtures [9]. Besides, pervaporation also possess other distinctive features 
[2, 3, 7] such as (1) low capital and operation cost, (2) high energy efficiency, (3) 
simple operation and small footprint, (4) multipurpose applications and easy scale-up. 
Taking ethanol dehydration for example, pervaporation offers several advantages as 
distinct from competing technologies (e.g. distillation, adsorption etc.). Firstly, 
pervaporation is based on the differential transport of penetrants through the 
membrane instead of the vapor-liquid equilibrium, and thus it is capable to break the 
alcohol-water azeotropic mixture [7]. Secondly, it is a clean technology as it avoids 
cross-contamination by the third component which is commonly used in so-called 










conventional technologies in terms of energy and capital saving. The energy 
consumption is minimized because only the minor component of the feed mixture 
penetrates the membrane and consumes latent heat during phase transition [7]. It 
should be noted that the membrane should be highly selective in order to save energy. 
Moreover, pervaporation cunningly survives the challenge of phase change because  it 
only deals with the minor components (about 10 wt%) of the liquid mixtures. In this 
regard, considerable efforts have been made to incorporate pervaporation into hybrid 
processes, which can synergize the advantages of individual technologies. Two 
distinguished types of hybrid process, pervaporation combined with distillation and 
with a chemical reactor, have been successfully realized on an industrial-scale [11]. 
1.3 Current application of membrane pervaporation 
The industrial applications of pervaporation process are classified into three major 
areas: (1) dehydration of organics; (2) removal of organics from aqueous mixtures and 
(3) separation of organic mixtures. To date, the number of pervaporation applications 
on industrial-scale remains rather small and the majority of industrial pervaporation 
units are still for the dehydration of a limited number of organic solvents [10, 12-15]. 
Table 1.2 demonstrates the potential liquid separations that need technological 
breakthroughs and some existing applications that have been supported by 
commercially available pervaporation membranes. The major obstacles are the lack of 
appropriate membrane materials that can be adapted to various chemical 










Table 1.2. Potential liquid separations that need technological breakthroughs and 
some existing applications using commercially available pervaporation membranes 
 
1.3.1 Dehydration of organics 
Among the three kinds of applications, dehydration of organic solutions is the most 
important application in the industry. Some organics, such as low molecular weight 
alcohols, ethers, and ketones, are completely miscible with water at any ratio and 
usually form azeotropes. Dehydration of these organics especially alcohols has gained 
a blooming market due to the high demand of these organics in industries and the 
difficulties to achieve their anhydrous form by traditional distillation technology. For 
instance, anhydrous ethanol has gained increasingly interests as a biofuel derived 
from fermentation of biomass [14-16]. The concentration of ethanol in a fermentation 
broth is typically 8% to 12% by volume, which would only be concentrated to near 
azeotropic point (ethanol/water 95/5 wt.%) by distillation [17]. However, the purity of 
the final product has to reach ≥98.7 wt% (99 vol%) in order to comply with the fuel 
grade ethanol standard (D4806) guideline provided by American Society for Testing 
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and Materials (ASTM) [14]. On the other hand, iso-propanol (IPA) has been 
extensively used in pharmaceutical and electronic industries and its recycle has 
received worldwide attention. Most of the applications require high purity, i.e. 99.5 % 
of IPA content [18]. However, IPA forms an azeotrope with water at 88 wt% [3] and 
this makes it difficult to be separated from water by conventional processes. [19]. 
Further dehydration of these alcohols to anhydrous form by pervaporation is more 
favorable and competitive than conventional azeotropic distillation process [20]. A 
major milestone in dehydration of alcohols was achieved in early 1980s when 
Gesellschaft für Trenntechnik (GFT) Co., Germany, developed the first commercial 
pervaporation membrane for the removal of water from concentrated alcohol solutions 
[21]. This membrane is composed of a thin layer of crosslinked polyvinyl alcohol 
(PVA) and a porous polyacrylonitrile (PAN) substrate. Thereafter, around 63 
pervaporation systems were commercialized and installed worldwide in about 10 
years [22]. Most of these systems were used in dehydration of organic solvents. In 
addition, the first large scale pervaporation plant that utilized inorganic tubular type 
module with zeolite NaA was installed at Kariya city in Aichi region of Japan in early 
2000s by Mitsui Engineering and Shipbuilding Co. Ltd. for dehydration of methanol, 
ethanol and isopropanol [23]. The markets of pervaporation membranes for 
dehydration of alcohols are still not booming although large amount of materials, 
including polymers and inorganic materials, have been studied in lab scale for 
decades. There are still various obstacles on the way to achieve the membrane with 
high separation efficiency and high operating stability [3, 7, 8, 24-28].  
1.3.2  Removal of organics from aqueous mixtures 
Another application of the pervaporation process is to separate organic compounds 
from aqueous solutions, which can be applied in water purification, pollution control 
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and recovery of expensive organics from waste streams. This technology was firstly 
developed by Membrane Technology and Research [29]. Contrary to dehydration of 
organics, the removal of dilute organic compounds from aqueous solutions requires 
the preferential permeation of organic compounds through the membranes. Hence, the 
membranes have to be made of organophilic or hydrophobic materials in order to 
increase their affinity towards organic compounds. Typical commercial organo-
selective membranes are made of elastomers or rubbery polymers such as silicon 
rubber, natural rubber, polybutadiene and polyether copolymers [14, 30-32]. Their 
hydrophobicity, flexible polymer chains and large free volume size endow these 
materials with relatively high selectivity for separation of volatile organic 
coumpounds such as benzene, toluene and chloroform. Currently, most materials have 
been only demonstrated on a laboratory-scale and few for industrial applications. 
Further studies on the subject should contribute to overcome the limitation and 
explore novel materials. 
1.3.3  Separation of organic mixtures 
Organic/organic separation by pervaporation is another potential application in 
chemical, petrochemical and pharmaceutical industries. Recently, the use of 
pervaporation technology for the separation of organic–organic mixtures has attracted 
increasingly attention of the researchers because separation of close-boiling organic–
organic mixtures using distillation or liquid–liquid extraction is tough as the 
compounds generally have similar physical and chemical properties [10, 13, 33]. 
However, compared with the abovementioned two applications, the separation of 
organic mixtures is considered to be the least developed application of pervaporation. 
The lack of suitable membrane and module may be the key issue preventing its large-
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scale applications. The main problem is their instability during long term exposure to 
organic solvents at high temperature in this kind of separation.  
 
Nowadays, separation of four major categories of organic–organic mixtures, i.e., 
polar/non-polar mixtures, aromatic/alicyclic mixtures, aromatic/aliphatic mixtures, 
aromatic isomers, has been demonstrated. For example, researchers [13, 34, 35] 
developed membranes to separate methanol and methyl tert-butyl ether (MTBE) 
mixture. Examples for the separation of aromatic/aliphatics are cyclohexane/benzene 
[33, 36-38] and hexane/heptane [39]. Aliphatic isomers, e.g. n-/t-butanol isomers [40, 
41], and aromatic isomers, e.g. C8 isomers (o-xylene, m-xylene, p-xylene and ethyl 
benzene) [42-44], are also proven to be a promising direction. Separation of these 
organic pairs is achieved based on the differences of each species in steric effects, 
polarity, and affinity to membrane materials. Typical pervaporation membrane 
materials for organic/organic separation are poly(tetrafluoro ethylene) (PTFE), 
polyethylene, and cellulose acetate [10, 13, 33]. Research in this area is still extremely 
challenging; the application of pervaporation in organic/organic separation has not 
acquired industrial acceptance because of the lack of advanced performance and the 
instability in organic solvents of currently available membranes. The only one case of 
industrial applications is the cellulose acetate membrane by Air Products in 1991 for 
separation of methanol/MTBE. 
1.4 Key challenges in development of pervaporation membranes 
Based on the above review, one can see that the separation performance is mainly 
limited by the membrane materials. The development of membrane material is crucial 
for the expansion of membrane pervaporation processes to the emerging markets. 
Principally, the materials for construction of membranes should have outstanding 
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separation efficiency and productivity. Besides, membrane materials with desirable 
physicochemical properties such as good mechanical integrity, chemical resistance 
and thermal stability are necessary for the long-term durability and minimal solvent-
induced swelling in harsh environment (e.g. high operating temperature) [8, 10, 27]. 
The other obstacle is due to the fact that a certain material often displays certain 
selectivity and/or permeability behavior for a specific mixture. In other words, 
different types of mixtures (i.e. compositions) require different types of membranes. 
Thus, the evaluation on material selection and tests may not be overlooked in 
designing membranes for specific separation purposes. Among the materials 
investigated or utilized for pervaporation, polymers are preferred and worthy or 
further study due to their superior advantages such as compactness, ease of fabrication 
and scale-up, lower material costs. 
 
In addition, membrane formation and module fabrication also play essential roles in 
determining the final membrane structure and separation performance. Typically, the 
formation of an anisotropic or asymmetric membrane structure comprising a very thin 
selective layer on a porous supporting layer is considered as the desired feature for 
ensuring a high flux. But issues like large skin layer defects and structure integrity are 
still the main obstacles in the membrane formation and the operating stability of the 
membrane would be seriously jeopardized by these issues. Besides, there are many 
types of membrane configurations available in the market, such as flat sheet 
composite membranes, polymeric hollow fibers, and inorganic tubular membranes. 
Hollow fiber membranes made of polymeric materials are highly competitive to flat 
and inorganic membranes because they provide a larger effective membrane area per 
unit volume of a membrane material, which can result in a higher productivity. 
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However, it is not easy to fabricate hollow fiber membranes with desirable 
morphology and separation performance. To successfully fabricate those new 
materials into useful hollow fiber membranes and maximize materials potential, 
researchers must understand the intrinsic physicochemical properties of these new 
materials, manipulate the phase inversion process, and control dope rheological 
responses under various stresses during membrane formation in order to design 
membrane structure at molecular levels.  
 
The success of membrane development not only relies on the advancements in 
membrane materials and fabrication techniques but also requires a proper 
understanding in the mass transport across the membrane. A fundamental study on 
mass transport mechanism typically provides in-depth knowledge in membrane 
structure design and manipulation, process operation optimization, and separation 
prediction, which found to be very crucial information for the industrial practice. 
1.5 Research objectives and Thesis organization 
The objective of this research is to explore a range of new materials, including 
polymers and inorganic materials, on their pervaporation separation behaviors. The 
material fundamentals, membrane formation, mass transport and the separation 
performance will be thoroughly analyzed, which includes: (1) investigating the basic 
physical properties and transport properties of the flat-sheet sulfonated 
polyphenylsulfone (sPPSU) membranes via pervaporation dehydration of C1-C4 
alcohol aqueous solutions under different operation conditions; 2) exploring the 
potential of the graphene oxide (GO) thin films for dehydration of ethanol via 
pervaporation; 3)fundamentally inspecting the microstructural evolution and mass 
transport properties of the triazine framework-based microporous (TFM) membrane; 
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and 4) designing the nanometic thin skinned dual-layer sPPSU/PPSU hollow fiber 
membranes and identifying key processing factors for the fabrication of dual-layer 
hollow fiber membranes with high productivity and separation efficiency. 
 
Compared to the conventional membrane materials, like PVA, PAA, etc, which is 
relatively weak in mechanical strengths and chemical resistance, sPPSU polymer 
brings together the superior mechanical, thermal and chemical properties and the high 
separation performance. It would probably be a good alternative for the pervaporation 
separation of aqueous organic mixtures. Two different membrane configurations, flat-
sheet and dual-layer hollow fiber, were studied to understand the basic mass transfer 
properties of sPPSU polymer and to demonstrate its processability. Moreover, GO, as 
a novel material with unique physical properties, has been applied in various research 
fields. However, GO for separation application is a relatively new topic since the 
graphene nanosheet is usually regarded as a barrier material due to its impermeability 
to any molecules. In view of the versatile mass transport characteristics of GO films 
presented in Nair et al‘s work [45], we believe GO a suitable material to be applied in 
pervaporation processes. Besides, covalent organic polymers (COPs) have attracted 
considerable attention because their structures and properties can be easily modified 
through rational chemical design and synthesis. Depending on the cavity size and 
shape, surface area, and regularity, the COPs can be tailored for versatile applications. 
Therefore, TFM polymer, one kind of COPs, will be synthesized and applied to 
pervaporation. Due to its intrinsic micropores in the polymer bulk, the TFM 




This dissertation is organized and structured into eight chapters. Chapter One provides 
the general introduction of the pervaporation membrane, the major applications of 
pervaporation in industry as well as the key challenges in development of 
pervaporation membranes. In Chapter Two, the background, which including the 
basic of mass transport mechanism, parameters for evaluation of pervaporation 
performance, the material selection criteria and structures of membranes are discussed. 
A comprehensive literature review on membrane materials for dehydration of alcohols 
is also presented in this chapter. Chapter Three documents the experimental 
approaches and methodologies along with the materials involved in all areas. 
Additionally, a detailed description of the membrane characterizations including both 
chemical/physical properties of membranes and mass transport properties is provided. 
 
Chapter Four explores a group of pervaporation membranes made of sPPSU materials 
that are developed for C1–C4 alcohols dehydration. Fundamentals of PPSU 
membranes with different degrees of sulfonation are investigated by employing 
different analytic instruments, i.e. TGA, XRD, tensile test, contact angle measurement, 
etc. The pervaporation characteristics and the temperature dependence of sPPSU 
membranes are examined with respect to the dehydration of an ethanol/water mixture. 
Vapor sorption measurements are employed to reveal the mass transport behavior of 
the membranes.  
 
Chapter Five reports a novel free-standing GO film fabricated by pressurized 
ultrafiltration method. The GO films are investigated with respect to their chemical 
composition, microstructure and hydrophilicity by FTIR, XPS, FESEM, XRD, 
positron annihilation spectroscopy (PAS), etc. The effects of ultrafiltration pressure 
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and feed composition on the film's microstructure and pervaporation performance for 
dehydration of ethanol are discussed and correlated with XRD and PAS observations.  
 
Chapter Six presents a series of TFM membranes which are in-situ fabricated in the 
course of polymer synthesis via a facile Brønsted acid-catalyzed cyclotrimerizaiton 
reaction, followed by post annealing. The microstructural evolution of the TFM 
membranes under different conditions has been explored. The TFM membranes were 
designed for dehydration of ethanol. Vapor sorption and pervaporation of the 
membranes are elaborated and correlated with the free volume evolution, in order to 
unveil the microstructure-mass transport relation in the microporous polymeric 
materials. 
 
In Chapter Seven, a novel sulfonated polyphenylsulfone (sPPSU)/polyphenylsulfone 
(PPSU)-based dual-layer hollow fiber membrane with a nanometric thin skin layer 
has been designed for biofuel dehydration. The thicknesses of skin selective layers 
under different spinning conditions were measured by PAS, while the morphology 
was observed by FESEM. The effects of outer-layer dope properties, coagulation 
temperature, and dope flow rate during spinning are systematically examined.  
 
General conclusions drawn from this research study are summarized in Chapeter 
Eight. Besides, some recommendations/suggestions for future research are included in 
this chapter. 
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2.1 Mass transport mechanism in pervaporation membrane 
As aforementioned, one of the distinctive features of a pervaporation process is the 
phase transition from liquid to vapor phase during mass transport through the 
membrane. Hence, the pervaporation process involves both mass and heat transfer 
processes. The membrane acts as a barrier between the liquid and the vapor phase to 
regulate the permeation of different species. The selectivity is caused by fugacity 
differences between permeates as well as by permeability differences of the 
membrane towards different permeates. The ultimate separation performance to a 
liquid mixture is determined by 1) the physicochemical properties of feed mixtures 
and their own interactions, 2) the affinities of permeates toward the macromolecules 
of the membrane material, and 3) the physical structure of the membrane. 
 
Owing to the complicated interactions among the components in feed and the 
membrane, it is essential to fundamentally understand the mass transport mechanism 
which would provide useful information for the development of appropriate 
membrane with high throughput as well as high separation efficiency. There are many 
different viewpoints on pervaporation separation mechanism for describing the 
permeation process. Among those theories that have been proposed, the solution-
diffusion mechanism [1] and the pore flow mechanism [2] are the most widespread 
approaches for describing mass transport in pervaporation. Although they are 
diametrically opposed to each other with respect to the membrane microstructure, 
both theories agree that the complicated chemical and physical interactions among 
feed components as well as feed molecules and membranes play important roles on 
determining the overall separation performance. 
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2.1.1 Solution diffusion mechanism 
 
Figure 2.1. Schematic diagram of the solution-diffusion mechanism 
 
 The solution-diffusion mechanism, originally developed by Graham [3-5] for 
depicting gas permeations, has been extensively employed to illustrate the mass 
transport in pervaporation due to its good agreement with experiments [1, 6]. 
According to this mechanism, the mass transport through the membrane consists of 
three consecutive steps as illustrated in Figure 2.1: 1) the sorption/dissolution of 
permeates in the membrane, 2) the diffusion of permeates through the membrane and 
3) the desorption of permeates in vapor state on the downstream side of the membrane. 
The solution-diffusion mechanism assumes that the pressure within a membrane is 
uniform while a concentration gradient across the membrane produces the chemical 
potential difference that provides the driving force (as shown in Figure 2.1) [1, 7]. 
 
Apparently, solution-diffusion mechanism is applicable to non-porous membranes in 
which the transport of permeating molecules relies on the thermally agitated motion 










transport through a pervaporation membrane is the chemical potential gradient. The 
transport equation based on solution-diffusion mechanism for pervaporation can be 







    (2.1) 
where dµi/dx is the chemical potential gradient of component i and Li is a coefficient 
of proportionality linking the chemical potential driving force the flux. Under 
isothermal conditions (constant temperature T), the chemical potential (μi) in pressure 
(p) and concentration (ci) driven processes can be written as: 
 0ln( ) ( )oi i i i i iRT c p p         (2.2) 
where ci is the molar concentration (mol/mol) of component i, γi is the activity 
coefficient, vi is the molar volume,  R is the gas constant, and μi
o
 is the chemical 
potential of pure component i at a reference pressure pi
o
. The chemical potential 
gradient dμi is then given as: 
 ln( )i i id RTd c dp     (2.3) 
As aforementioned, the solution-diffusion mechanism assumes that the pressure 
everywhere within the membrane is constant and the chemical potential gradient 
across the membrane is expressed only as a concentration gradient. Thus, a 
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Equation (2.4) has the same form as Fick‘s law in which the term RTLi/ci can be 
replaced by the diffusion coefficient Di. Thus: 
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     (2.5) 
24 
 
where l is the membrane thickness, ci(m) represents the concentration of component i 
inside the membrane, the superscripts f and p denote the feed and permeate sides, 
respectively, and Di is the diffusion coefficient of component i. 
 
In pervaporation, by assuming the chemical potential equilibrium at the liquid 
mixture/membrane interface, one can obtain: 
 , ,
( ) , ,
( )
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i L i Lf f







     (2.6) 
Where γi is the activity coefficient, Ki,L is the liquid-phase sorption coefficient, and 
the subscript L represents the liquid phase. At the permeate gas/membrane interface, 
the total pressure is p
p
 in the permeate vapor. Similarly, the equilibrium at the 
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Because the partial pressure 
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i GP  is a product of ,
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GP , the expression can be 
rearranged to: 
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where Ki,G is the gas phase sorption coefficient, 
Sat
iP  is the saturate vapor pressure of 
component i, and the subscript G represents the gas phase. Since the sorption 
coefficient in (2.6) and (2.8) is expressed in different phases, the inter-conversion of 
these two coefficients can be done by considering a hypothetical vapor at the liquid 





























 is referred to as the Henry‘s law coefficient, Hi. Substitution of (2.9) 
into (2.6) gives 
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The concentrations in (2.5) can be substituted by (2.8) and (2.10) to obtain an 
expression for permeation flux: 
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   (2.11) 
Based on the solution-diffusion model, the permeation rates of feed components are 
governed by their solubility and diffusivity in the membrane materials. Hence, the 
permeability coefficient (Pi) of component i in a membrane material is given by the 
product of the diffusion coefficient (Di) and the sorption coefficient (Ki): 
 i i iP D K    (2.12) 
The solubility of feed components in the membrane primarily relies on the chemical 
affinities of the membrane material towards the permeates, which could be estimated 
by the solubility parameter [2]. Generally, the sorption step prefers more condensable 
molecules or molecules which have special interaction and/or affinity for membrane 
materials. The diffusivity significantly leans upon 1) the permeate size and shape, 2) 
the mobility of polymer chains, 3) the interstitial space between polymer chains; and 4) 
the mutual interactions among permeates and membrane materials [8]. 
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2.1.2 Pore flow mechanism 
 
Figure 2.2. Schematic diagram of the pore-flow mechanism 
 
The pore flow mechanism, proposed by Okada and Matsuura [9], is an alternative 
approach to elucidate the mass transport in pervaporation membranes. Figure 2.2 
depicts the schematic diagram of the pore-flow mechanism. This mechanism is rooted 
in the assumption that a bundle of straight cylindrical pores with an effective length, δ, 
penetrate across the selective layer of the membrane perpendicular to the membrane 
surface and all pores are operating under an isothermal condition. Furthermore, it also 
hypothesizes that the pores are filled with liquid from the pore inlet to a distance δL 
along the cylindrical axis while the rest is filled with vapor with the length δV. In other 
words, a liquid/vapor phase boundary presents somewhere in the middle of the 
membrane pores. The mass transport also comprises three steps according to the pore 
flow mechanism: 1) the permeates transport through the liquid-filled portion of the 
pores, 2) a liquid-to-vapor phase transition occurs at the phase boundary and 3) the 
permeates transport through the vapor-filled portion of the pores. Hence, it implies 








phase transport in series. The predictability of the mechanism has been described 
through many studies using different membrane materials and various separating 
mixtures [10-14]. 
2.2 Evaluation of pervaporation membrane performance 
The selection of a pervaporation process is generally based on its capability to 
separate components from each other. There are two sets of interlinked parameters 
that have been widely used to describe this capability. The first set of parameters, flux 
(J) and separation factor (α), were employed for evaluating the apparent 
pervaporation performance. The flux was determined by the mass of permeate (Q) 
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where Y and X are the weight fractions of components in the permeate and feed, and 
subscripts i and j refer to water and alcohol, respectively. The compositions of the 
feed and permeate were analyzed by a Hewlett-Packard GC 6890. Flux and separation 
factor are the main parameters to evaluate a pervaporation process. However, they 
depend on both the intrinsic properties of the membrane material and process 
parameters (e.g. film thickness and driving force). Hence, as for the evaluation of 
intrinsic permeate-specific membrane properties, flux and separation factor could be 
converted to permeability (P) and selectivity (β). The benefits of using permeability 
instead of flux to report the pervaporation data has been elaborated [15, 16]. 
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in which,   
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where xi and yi are the mole fractions of component i in the feed and permeate, 
respectively, and P
P
 represents the permeate pressure, which is generally ignored 
since the downstream pressure is much lower than the fugacity in the feed. SatiP  and 
i  can be obtained with the aid of the AspenTech Process Modelling software. The 
ideal membrane selectivity β is then defined as the ratio of the permeability 
coefficients or the permeance of two components, indicating how efficient the two 
components can be separated. 
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2.3 Design and engineering principles for pervaporation membranes 
2.3.1 Membrane materials selection for pervaporation dehydration 
According to the solution-diffusion mechanism, the permselectivity is factored into a 
product of sorption selectivity and diffusion selectivity. The main principles for 
membrane selection are to enlarge diversities in solubility and diffusivity between 
feed components to a certain membrane material in order to achieve decent separation 
efficiency. At the same time, the throughput should be maximized to cut off the 
operating cost. In pervaporation, the membrane permeability and selectivity are 
determined by the interactions among the liquid components and the membrane 




The selective sorption is dominated primarily by the chemical nature of the membrane 
material and the permeating molecules, namely, the interactions between them. The 
hierarchy of the possible types of interactions between feed components and 
membrane materials is shown in Figure 2.3 (a) [17]. In order to maximize the sorption 
selectivity, one may tailor the membrane materials which is capable of stronger 
specific interactions (e.g. ion-dipole and hydrogen bonding) with water molecules 
while weaken their interaction with the other species. To this end, one common idea is 
to incorporate hydrophilic groups in the membrane materials that act as sorption 
centers towards water.   
 
Figure 2.3. Hierarchy of the (a) interactions between feed components and membrane 
materials and (b) the types of crosslinks inside the membrane materials 
 
The solubility of a component in the membrane can be described qualitatively using 
the solubility parameter. The solubility parameter was first introduced by Hildebrand 
and Scott in 1950 [18]. The so-called Hildebrand solubility parameter, δt, is defined as 
the square root of the cohesive energy density (Ced) which is usually calculated by 
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in which,  
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where ΔHv (J/mol) is the latent heat of vaporization, R is the universal gas constant 
and T is the absolute temperature. According to Hansen [19, 20], The total cohesion 
energy, ΔEv, can be divided into three separate parts: the nonpolar, dispersion 
interactions, Ed, permanent dipole–dipole interactions, Ep, and the hydrogen bonding 
interactions, Eh.  
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The Hansen solubility parameters (HSP), δsp, can be expressed as: 
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where δd, δp and δh are the dispersive, polar and hydrogen bonding contributions, 
respectively. The solubility of a polymer can be characterized in a three dimensional 
space by a spherical solubility region, of which the polymer HSP is at the center. The 
sphere radius, called the interaction radius (R0), indicates the boundary of the solvents 
and non-solvents of the polymer. The affinity between the polymer, 1, and a solvent, 2, 
is denoted by Δ defined by the (2.24) . The greater the affinity between the two 
components, the smaller the magnitude of the Δ value of them. 
 2 2 2
,1 ,2 ,1 ,2 ,1 ,2( ) ( ) ( )d d p p h h                (2.24) 
A simple composite affinity parameter, the relative energy difference (RED) number, 
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This theory is especially useful as a rough estimate of interaction between single 
component and the polymer material. But it is not exactly correct for the description 
of a binary liquid mixture and the polymer material. Table 2.1 tabulates the solubility 
parameters of some common liquids at 25 ºC [21]. The solubility parameter of a 
polymer is attained by using the method from T. Matsuura [2]. 
 
Table 2.1. Solubility parameters of some common solvents [21]. 
Membrane δd  δp  δh  δsp  
Acetone 15.5 10.4 7.0 20.1 
Methanol 15.1  12.3  22.3 29.7 
Ethanol 15.8  8.8  19.4  26.6  
Iso-propanol 15.8  6.1  16.4  23.5  
n-Butanol 16.0  5.7  15.8  23.1  
Acetic acid 14.5 8.0 13.5 21.3 
Phenol 18.0 5.9 14.9 24.1 
n-Hexane 14.9 0 0 14.9 
Benzene 18.4 0 2.0 18.6 
Dichloromethane 18.2 6.3 6.1 20.3 
N-Methyl-2-
pyrrolidone 
18.0 12.3 7.2 22.9 
Ethylene Glycol 17.0 11.0 26.0 32.9 
Glycerol 17.4 12.1 29.3 36.2 
Water 15.5  16.0  42.4  47.9  
 
Clearly, by means of solubility parameter, one can qualitatively obtain the 
thermodynamic discrimination capability of a material. On the other hand, as an 
equally essential factor that contributes to the permselectivity, the selective diffusion 
is primarily controlled by the microstructure of the membrane material and penetrant 
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size. For example, free volume size and distribution, the rigidity of the polymer chain 
and its stability to the feed components play a critical role in determining diffusivity 
selectivity. According to Semenova et al. [17], the rigidity of the polymer structure 
depends on the structure of the individual macromolecules and the rigidity of 
ensemble macromolecules.  
 
An important approach to confine the rotation of polymer chain around the intra-
molecular bonds is to tailor the side chain on the backbone to increase the steric 
hindrance. The rigidity of ensemble macromolecules can be tuned by different kind of 
crosslinking. The hierarchy of the crosslinks is depicted in Figure 2.3. Chemical 
crosslinking is the most powerful. For example, polyimide membranes with the intra-
molecular dipole-dipole interaction deliver a low selectivity because of swelling issue. 
The separation performance can be significantly increased by crosslinking the 
polymer with diamine [22-24]. Another example is PVA which is a traditional 
pervaporation membrane material. Even though the hydrogen bonding could maintain 
the structural rigidity to a certain degree, PVA without crosslinking is still not 
competent to pervaporation [25]. To date, quite a few methods, mostly chemical 
crosslinking with different reagent, are adopted to confine its chain mobility such that 
improves its anti-swelling property. 
 
Other factors, like the chemical, thermal and mechanical stabilities of a membrane, 
should also be considered to adapt the membrane for various operation conditions and 
long-term run. Pervaporation is preferentially carried out at elevated temperatures to 
increase diffusivity, so it is important to select the membrane materials with high 
temperature resistance.  
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2.3.2 Membrane structures and configurations 
The membrane structures and configurations significantly affect the throughput and 
separation efficiency of a membrane. Thus, it is essential to tailor the membrane 
materials with an appropriate technique to obtain desirable morphology. Membranes 
can be divided into two categories according to their structural characteristics which 
can have significant impacts on their separation characteristics: a) isotropic and b) 
anisotropic membranes, as illustrated in Figure 2.4. 
 
Figure 2.4. Typical membrane morphology  
 
Symmetric membranes show an integral, homogenous structure and composition in 
the direction of the membrane thickness. Dense and microporous membranes are the 
two typical examples of symmetric membranes. Particularly, they are intensively 
studied in laboratory scale for their intrinsic membrane properties. The symmetric 
membranes are commonly prepared through Precipitation by solvent evaporation.  
 
Anisotropic membranes (i.e., asymmetric or composite membrane) are used to largely 
increase the permeation flux. In general, an asymmetric membrane contains an 
integrally skinned selective layer and a porous support layer, while a composite 
membrane consists of a selective layer and a porous substrate made from different 
materials. The composite membrane may be more attractive due to the synergism of 
Dense membrane Microporous membrane





potentially combining the strengths of different materials. Composite membranes are 
typically prepared by coating, layer-by-layer assembly (LBL), interfacial 
polymerization (IP) or plasma polymerization of the dense selective layer on top of 
the substrate. The main purpose of the support layer is to provide the membrane with 
sufficient mechanical strength and eliminate substantial substructure resistance of gas 
or vapor transport through the membrane. Membranes with a very thin dense layer 
and a porous support layer are highly desirable in pervaporation.  
 
Although a flat sheet membrane can be utilized to predict and tailor the desirable 
separation performance, the development of hollow fiber membranes for 
pervaporation is more practical because hollow fibers offer the advantages of high 
packing density, mechanically self-supporting structure and relatively low cost [6, 26]. 
Particularly in the recent years, the superiority of dual-layer over single-layer hollow 
fiber membranes has been fully demonstrated. By using one-step co-extrusion process, 
the dual-layer hollow fiber synergistically combines the strengths of both single-layer 
hollow fiber and composite membrane. Not only does it have the unique capability to 
exploit expensive and high-performance materials as the selective layer, but also 
substantially reduce the substructure resistance by using another material or less 
concentrated polymer solution as the inner layer. As a result, the problem of solvent-
induced swelling in the substrate can be significantly mitigated by choosing a 
substrate material with superior chemical resistance. However, the development of 
polymeric dual-layer hollow fiber membranes for pervaporation is still far behind the 
flat-sheet membranes due to the complicated controlling parameters during spinning. 
It is always challenging to form dual-layer hollow fibers with an ultrathin defect-free 
skin layer, and it is also hard to molecularly design the dense-selective layer with 
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minimal solvent-induced swelling. In addition, concentration polarization in fine 
hollow fibers and delamination between the inner and outer layers often occur 
limiting the pervaporation performance. 
 
To overcome the aforementioned deficiencies for pervaporation, dual-layer hollow 
fiber membranes fabricated from a variety of polymer materials have been studied in 
our research team [27-32] with different engineering and design parameters during 
spinning and post modifications. Liu et al [27] investigated the effects of air gap 
distance and dope flow rate on the morphology and pervaporation performance of P84 
co-polyimide/polyethersulfone dual-layer hollow fiber membranes. The as-spun fibers 
had a flux up to 1.5 kg/m
2
h with a separation factor less than 100 for dehydration of 
IPA. After post treatments by p-xylenediamine crosslinking and thermal annealing, 
the resultant fibers achieved a high separation factor of 953 but reduced the original 
flux to one half. Polybenzimidazole (PBI)/P84 dual-layer hollow fiber membranes 
were also applied to pervaporatively dehydrate tetrafluoropropanol and acetone by 
Wang et al [28] and Shi et al [29], respectively. A permeation flux of 0.3 kg/m
2
h with 
a separation factor of 1990 were achieved for dehydration of tetrafluoropropanol 
without any post treatment. Whereas, a much lower separation performance was 
obtained for dehydration of acetone even after both chemical crosslinking and heat 
modification since acetone dehydration is particularly challenging. In addition, an 
inspiring study by Jiang et al [30] revealed that an ultrathin dense selective layer 





 5218) due to the formation of an interpenetration network. 
Their membranes had an impressive flux of 2.56 kg/m
2
h and a good separation factor 
of 1100 for dehydration of an 86 wt% tert-butanol aqueous solution at 80℃. Recently, 
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Wang et al [31] and Widjojo et al [32] conducted systematic studies on alcohols 
dehydration using dual-layer hollow fiber membranes made of polyamide-imide and 
polyimide as selective layers, respectively. Their membranes showed high separation 
factors (>1000) with moderate fluxes for dehydration of IPA and butanol. 
2.4 Membrane materials for dehydration of alcohols 
Among the three applications of pervaporation as aforementioned, dehydration of 
organics, particularly alcohol dehydration is the broadest application in the industry 
[6-8]. For this application, membrane materials containing hydrophilic groups in the 
structure are principally preferred due to their preferential affinity towards water. 
However, the structure of the materials should be carefully tailored to eliminate 
membrane swelling in order to achieve high permselectivity.  
2.4.1 Polymeric membrane materials 
Polymeric membranes with relatively flexible chains are easy to fabricate, but also 
can be readily swollen and consequently cause poor separation performance. In the 
earlier stage, highly hydrophilic polymers, such as polyvinyl alcohol (PVA) [25, 33, 
34], chitosan (CS) [35-37]  and alginate [38, 39], have been widely applied to 
dehydrate alcohols. Although water transport across membranes made of these 
materials can be enhanced prominently, they tend to be readily swollen by feed 
components, which results in both low mechanical strengths and unstable long-term 
performance. To overcome these limitations, various modifications have been 
introduced, such as chemical cross-linking, plasma grafting and UV irradiation 
crosslinking [11-16]. For example, cross-linked PVA membranes are the most popular 
pervaporation dehydration membranes and have already been commercialized by 
Sulzer Chemitech. The inherent hydrophilicity as well as good thermal and chemical 
resistance of PVA makes it an attractive polymer for fast water transport in 
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membrane-based applications since the hydroxyl pendant groups have strong 
interactions with water by hydrogen bonding. However, the large swelling capacity 
requires that the PVA membrane should be adequately crosslinked to ensure a stable 
operating performance. To this end, intensive researches were focused on 
modifications to improve permselectivity and stability of the membrane. For instance, 
Hickey et al [40] adopted the freezing-thawing techniques to introduce crystalline 
regions that act as crosslinks. Other than this physical crosslinking method, chemical 
crosslinkers, e.g. aldehydes [41, 42], carboxylic acids [43, 44], persulphate [45], 
Alkoxysilanes [46], etc., have been extensively applied to endow the PVA membrane 
with decent anti-swelling property. The selectivity is dramatically improved while 
sacrificing the permeability to a certain degree. There is still a challenge to achieve 
high selectivity while still obtain economical permeate fluxes.  
 
In contrast to the conventional polymeric membrane materials, polymers with more 
rigid chain and less hydrophilicity, e.g., polyimide (PI) [23, 24, 47, 48], 
polybenzimidazole (PBI) [49-53], polysulfone (PSU) [54-60], etc., were subsequently 
employed for pervaporation dehydration. All the rigid polymers show an excellent 
solvent resistance, thermal stability and mechanical strength due to their rigid polymer 
chain. Hereinto, polysulfone (PSU) is a popular material and have been studied 
thoroughly with its pervaporation application. To enhance its hydrophilicity and 
hence, improve the separation performance for alcohol dehydration, efforts were 
made for the past few decades to functionalize PSU via various modification methods 
such as sulfonation [54-56], plasma post-treatment [58], polymer blends with other 
hydrophilic materials [59, 61], etc. Chapman et al [33] have briefly drawn a general 
frame on the PSU application in pervaporation as well as a benchmark for 
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dehydration of alcohols. For years, sulfonation has been frequently selected for 
improving membrane hydrophilicity via post-polymerization sulfonation method as 
shown in Figure 2.5 (a) [60].  
 
Figure 2.5. Schematic of the synthesis of sulfonated polyarylether by (a) post-
polymerization sulfonation and (b) directly copolymerized sulfonation. 
 
Noshay and Robeson [54] applied the post-polymerization sulfonation method to 
sulfonate PSU by using a complex of sulfur trioxide and triethyl phosphate as a 
sulfonating reagent at room temperature. Chen et al [55] fabricated membranes for 
ethanol dehydration via sulfonation modification to improve their separation 
performance. Another similar work by Hung et al [56] focused on sulfonation and 
sodium substitution on –SO3H groups, and the results revealed that introduction of a 
sodium group into the polymer unit increased the hydrophilicity of the polysulfone 
membrane and consequently facilitated a high separation performance partially due to 
the ion hydration effect. However, the aforementioned method exhibits some 





the position of sulfonate group, degree of sulfonation and side reactions; (2) unclear 
reaction chemistry, leading to reproducibility problems in membrane fabrication and 
separation performance. Alternatively, another sulfonation method, so-called ―directly 
copolymerized sulfonation‖ as shown in Figure 2.5 [60, 62], can preferably control 
both the sulfonation location and the degree of sulfonation that result in more uniform 
sulfonated PSU-based materials with improved reproducibility [60]. McGrath and his 
co-workers [63, 64] were the pioneers to introduce this sulfonation method for fuel 
cell and water purification applications. 
 
Additionally, microporous polymers with pore sizes smaller than 2 nm in diameter 
according to the IUPAC recommendation [65] have long been an attractive research 
topic owing to their large specific surface area and well-defined porosity [66-69]. 
Compared to the conventional microporous materials, e.g. Zeolite, porous silica, etc. 
[70], microporous polymers open up new perspectives of diverse synthetic schemes 
with advantages of easy processibility and low costs in many practical applications 
[66]. Recently, with the rise of quite a few new classes of microporous polymers, e.g. 
polymer of intrinsic microporosity (PIM) [71-74], thermal rearrange (TR) polymers 
[75-78], conjugated microporous polymer (CMP) [67], covalent organic framework 
(COF) [68, 79, 80], etc., microporous polymeric materials have received great 
attention in both academia and industry.  
 
Among various microporous polymeric materials thus far developed, triazine 
framework-based microporous (TFM) polymers represent an emerging class of 
covalent organic frameworks that are derived from the cyclotrimerization of nitriles. 
Since a broad variety of nitrile building blocks are readily available, the design and 
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construction of TFM-based architectures are feasible with capabilities of 
incorporating different functionalities and meeting various application requirements. 
Besides, the porosity and free volume size of the derived TFM polymers can be tuned 
by varying the monomer strut length and geometry. In this regard, the design of TFM 
polymeric membrane for separation purpose is very promising; TFM membranes are 
expected to present high throughput with decent size-discriminating properties for 
various membrane-based separation applications.  
 
To date, most of the developed TFM polymers are studied as absorbents with respect 
to their gas storage and selective sorption properties; very few of them were 
developed into perm-selective membranes for membrane-based separations. Ren et al 
[81] measured the CO2 and N2 sorption of a series of triazine-based frameworks. 
Based on the ideal adsorbed solution theory (IAST), the CO2/N2 selectivity fell within 
the range of 16-31. In contrast, Bhunia et al [82] reported a higher CO2/N2 selectivity 
of about 41 probably due to the more rigid and contorted geometry of the monomer 
structure. Other modifications, e.g., substitution of the hydrogen atoms with fluorine 
groups on the aromatic ring of the nitrile monomer[83], incorporation of polyimide 
moieties in triazine-based frameworks[84], etc., were also applied to adjust the cavity 
size and chemical properties of the polymers. Results showed that the CO2/N2 
selectivity could be largely improved. Meanwhile, Zhu et al [85] developed a TFM 
dense film which exhibited a selectivity of about 29 with a CO2 permeability of 518 
barrer for CO2/N2 separation. This performance was not outstanding compared to 
other microporous polymers[74, 76, 86, 87], so they modified the monomer by 
introducing a 1,2,4-trizole side group on the backbone[88]. The resulting membrane 
after carbonization showed an improved selectivity of 47.5. Although TFM polymers 
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have not been widely studied for separation applications, there is a great possibility to 
extend their application to membrane-based separation processes, e.g. pervaporation, 
gas separation, waste water treatment, etc.   
2.4.2 Inorganic membrane materials 
Regardless of their fragileness and poor processability, inorganic materials show 
some significant advantages, like operating stability and anti-swelling property, over 
polymeric ones, such that inorganic membranes acting as molecular sieves would 
produce superior pervaporation performance. Their ability to endure at high 
temperature makes it possible to achieve higher throughput than polymeric 
membranes, indicating a high time and capital efficiency. The outstanding 
chemical/mechanical stability and anti-swelling properties endow these materials with 
a more constant long-term performance under various operating conditions. The 
inorganic materials applied in pervaporation include some conventional inorganic 
membranes, e.g., silica [89-92], zeolite [93-99], polymer-derived carbon membrane 
[100-103] etc., and emerging materials, e.g., MOF [104, 105], graphene nanosheets 
[106, 107].  
 
Graphene exhibits unique mechanical, electrical and thermal properties [108-111] 
owing to its one-atom-thick nature. Since the pioneering work of  Geim and 
coworkers [112], graphene has become a very actively pursued topic in various 
research fields [110]. Its oxidized form, graphene oxide (GO), is probably more 
attractive to researchers due to the abundant oxygen-containing groups on the 
graphene nanosheet [113]. These functional groups enable it to be stably dispersed in 
water and chemically modified. Graphene/GO for separation applications is a 
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relatively new topic. During the last few years, possible applications of graphene/GO 
based inorganic membranes for separation have been explored [114-139].  
 
The study on liquid separation behavior of graphene-based membranes is originally 
confined to molecular dynamics (MD) simulation by assuming that graphene 
nanosheets comprise a range of pores with different sizes or shapes [114-123]. The 
two-dimensional (2D) porous grapheme/GO membranes exhibit great capability to 
separate gas pairs [114, 115], liquid mixtures [117] and isotopes [118, 119]. Later on, 
several routes to realize these membranes were proposed [114, 122, 123, 140, 141]. 
For example, Jiang et al [114] suggested to ―punch‖ holes in graphene nanosheets 
with the aid of an electron beam or heavy metal bombardment. Koenig et al [140] 
introduced pores in micrometre-sized graphene membranes by a ultraviolet-induced 
oxidative etching method. The resulting membranes exhibit a promising size-
discriminating property for molecular transport. Xie et al [141] reported an oxygen 
plasma irradiation approach to create homogenous defects in graphene with well-
defined pore size of a few nanometers. Besides, Bieri et al [122] and Li et al [123] 
proposed to assemble the porous structure by using proper building blocks. Further 
studies are needed to realize the nanoporous membranes in a large scale. 
 
Besides, pure GO films can be self-assembled by means of vacuum filtration [142, 
143] or spin coating [144] without the help of any chemical. GO films possess 
exceptionally good mechanical properties and flexibility. Hydrogen-bonding 
interactions between GO nanosheets enable the films to be highly stable in water once 
dried. Therefore, GO films can be regarded as a novel type of carbon-based 
membrane [134] and investigated with respect to its permeability to water and gases. 
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Nair et al [135] reported that dry submicron-thick GO films are less permeable to 
helium than a 1-mm-thick sheet of glass. Additionally, no permeation could be 
detected by a simple gravimetric technique for several polar and nonpolar organic 
liquids through 1-μm-thick GO films. However, they were highly permeable to water 
and the permeation rate was dependent on the relative humidity and film thickness. 
Their work has stimulated studies of GO films for membrane separation processes. In 
spite of its versatile properties, few works have been focused on the pervaporation 
application of the GO films. Very recently, Yeh et al [106] and Hung et al [107] 
applied the GO films to dehydration of ethanol and iso-propanol, respectively. These 
films exhibit high selectivity with remarkable permeability.  
2.4.3 Mixed matrix materials 
Mixed matrix membranes, composed of homogeneously interpenetrating polymeric 
and inorganic particle matrices, are regarded as a recommendable alternative to 
combine the processibility of polymers and superior separation performance of 
inorganic fillers [145-150]. Inorganic fillers with intrinsic pores/cages like zeolites 
and MOFs, are preferred because they can provide additional transport channel for 
penetrants. In this regard, the solid fillers, like GO, may not be a good choice to 
improve the permeability or selectivity since they are impermeable. However, the 
hydrophilic nature of GO makes it a good candidate to improve the anti-fouling 
property of polymeric membranes. To date, the separation performance of the MMMs 
is generally below the expectation so far due to chain rigidification and partial pore 
blockage [150]. 
2.4.4 Other emerging materials 
Polyelectrolyte complexes (PECs) are composed of two oppositely charged poly-ions 
crossslinked via electrostatic force. Although they have been unveiled for more than 
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half a decade [151, 152], their application in pervaporation was not developed until 
1990s [153-158]. Afterwards, PEC membranes are gradually adopted for dehydration 
of aqueous organics owing to their preferential affinity to water molecules which 
would foster the water transport through the membrane [159]. However, the water-
induced swelling due to their high hydrophilicity is an inevitable issue during 
pervaporation process. Besides, the long-term operating instability is another severe 
issue because the mobile counter-ion pair is reversible and may be replaced by H
+
 in 
the presence of water [17]. In the past few years, various approaches to suppress 
swelling issue and improve operating stability have been proposed and demonstrated. 
 
Chemical crosslinking (e.g. glutaraldehyde crosslinking) introduces covalent bonds 
among polymer chains, which is a generally irreversible process compared to ionic 
crosslinking. In this regard, some researchers [160, 161] have attempted to chemically 
crosslink the PEC membranes in order to improve the long-term operating stability. 
Dynamic layer-by-layer (LBL) assembly, such as vacuum filtration [162-164] and 
vibration [165], was also developed to improve separation performance and reliability. 
Compared to static LBL assembly, the dynamic assembly approach renders the 
membrane structure more compact. Besides, Homogeneous PEC (HPEC) membranes 
are employed to tune the ionic complexation degree (ICD) which has been 
demonstrated to be a critical factor that determines the packing pattern and density of 
the PEC aggregates [166-173]. Generally, The HPEC membrane was attained by 
blending polycation and polyanion in the acid solution and casting on a substrate. 
 
Recently, electric field driven LBL assembly has become a very actively pursued 
topic [174-176]. For example, Zhang et al [175, 176] unveiled that the membranes 
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assembled in electric field showed a smoother surface and a better storage stability 
within 60 days in a 90 wt% IPA aqueous solution at 25 ºC. The structural regularity 
and stability endows the PEC membrane with a significantly improved separation 
performance for alcohol dehydration. Incorporation of inorganic particles is another 
way to improve separation performance [130, 177-179]. For example, Wang et al  
[130] developed a GO-doped PEC membrane by assemble the positively charged PEI-
modified GO and negatively-charged polyacrylic acid (PAA) on the hydrolyzed 
polyacrylonitrile (PAN) substrate via layer-by-layer self-assembly. The water/ethanol 
selectivity and mechanical and thermal properties of the PEC nanohybrid membranes 
were significantly improved after the incorporation of GO nanosheets. Thus, Organic-
inorganic nanohybrids are believed to be one of the most promising membranes to 
improve the operating stability as well as to overcome the trade-off in pervaporation. 
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Non-sulfonated PPSU and sulfonated PPSU (sPPSU) polymers with different degrees 
of sulfonation (1.5, 2.5 and 5 mol%) were supplied by BASF SE, Germany. The 
percentage represents the mole fraction of the 3,3'-disulfonate-4,4'-dichlorodiphenyl 
sulfone (sDCDPS) monomer in the copolymerization reaction. Figure 3.1 shows their 
chemical structures.  
 
Figure 3.1. Chemical structures of: (a) PPSU (non-sulfonated); (b) 1.5%-sPPSU (m = 
1.5) 2.5%-sPPSU (m = 2.5) and 5%-sPPSU (m = 5). 
 
3.1.2 Inorganic material 
An aqueous graphene oxide (GO) solution (0.5 wt.%) was purchased from Angstron 
Materials Inc. The size of the GO nanosheets was observed by atomic force 
microscopy (AFM, Bruker Dimension ICON) via the tapping mode. As shown in 





Figure 3.2. AFM images of the GO nanosheets on a mica surface. 
 
3.1.3 Others 
The other chemicals involved are as follows: N-Methyl pyrrolidone (NMP) (>99.5%), 
n-hexane (≥95%) and ethylene glycol (EG, ≥99%) supplied by Merck Inc., were used 
without further purification. Methanol (≥99.9%), ethanol (≥99.9%), isopropanol (IPA, 
≥99.9%), and n-butanol (≥99.9%) were purchased from Fisher Scientific and used as 
received. 4,4′-Biphenyldicarbonitrile (BPDC, 97%), Trifluoromethanesulfonic acid 
(CF3SO3H, ≥ 99%) and ethylene glycol methyl ether was purchased from Sigma-
Aldrich Co., Singapore. Prior to use, the BPDC monomer was purified via 
recrystallization in ethylene glycol methyl ether and dried in vacuum at 80 ºC for 12 h. 
3.2 Membrane fabrication 
3.2.1 Fabrication of sPPSU dense film membranes 
Prior to use, the polymer materials were dried overnight at 120℃ under vacuum. The 
flat sheet dense membranes were fabricated by firstly dissolving 20 wt% dried 




































two days to ensure a complete dissolution and followed by degassing in the vacuum 
oven at a room temperature for 3 hours. The solutions were then cast onto a black 
glass plate using a casting knife with a thickness of 150 μm. The as-cast membranes 
were placed in a vacuum oven at 170℃ for one hour. Thereafter, the temperature was 
gradually increased to 230℃ at a heating rate of 15℃ per 20 min and subsequently 
held for 15 h to fully remove the residual solvents. The thickness of the flat dense 
membranes was 16 μm in average measured by a Mitutoyo micrometer. 
3.2.2 Fabrication of free-standing GO films 
The free-standing GO films were prepared by employing a pressurized ultrafiltration 
system as shown in Figure 3.3. Prior to use, the GO aqueous solution was diluted to 
125 ppm and sonicated for 2 h to get a uniform dispersion. Then, a certain amount of 
GO aqueous solution was loaded in the static cell and filtrated by a cyclopore 
polycarbonate membrane (Whatman
®
) with an average pore size of 0.1 μm. Pressures 
from 2 to 20 bar were applied to the ultra-filtration process. After filtration, the GO 
film was immediately dried in air. Two kinds of GO films were fabricated with 
different thicknesses: 2 μm (referred as the FGO film) and 10 μm (referred as the 
TGO film). The as-prepared GO films were tested without further treatment unless 
otherwise stated. 
 











3.2.3 In-situ fabrication of TFM membranes 
The TFM membranes are in-situ fabricated in the course of the polymer synthesis via 
a facile Brønsted acid-catalyzed cyclotrimerizaiton reaction. Figure 3.4 (a) presents 
the reaction scheme from the monomer to a crosslinked network. In brief, 0.4 g of 
purified monomer was placed in a simple reactor shown in Figure 3.4 (b) and 
continuously purged by nitrogen. The temperature in the cooling bath was kept below 
-10 ºC. 5 g of CF3SO3H was added into the reactor dropwise. After 1.5 h of low 
temperature reaction, the reactor was exposed to ambient atmosphere (25 °C) for 5 
minutes for degassing. Afterwards, the solution was cast onto a black glass plate using 
a casting knife with a thickness of 100 mm and placed in an oven preset at 100 ºC for 
0.5 h. A nascent membrane was successfully formed on the glass plate. After being 
peeled off, the membrane was washed sequentially in a NaOH solution (0.5 M), 
deionized water and methanol for removal of the excess acid and unreacted monomers. 
In order to further remove the residual solvents, the nascent membrane was 
sandwiched between two wire mesh sheets and dried in a vacuum oven at 100 ºC for 6 
h. The obtained films have a thickness in the range of 30-50 µm. 
 
Figure 3.4. (a) Cyclization reaction of the 4,4′-Biphenyldicarbonitrile monomer with a 
digital image of the as-prepared membrane as a backgroud; (b) home-made apparatus 











The as-synthesized TFM membranes were further post-cured by thermal annealing to 
convert the residual portion of nitrile groups. To this end, the membrane samples were 
sandwiched between two wire mesh sheets and heated in a CenturionTM Neytech 
Qex furnace under a continuous nitrogen purge. The heating rate was fixed at 20 
ºC/min. The film samples were held for 30 min at target temperatures, i.e., 200, 300, 
350, 400 or 500 ºC, followed by immediate quenching in the ambient atmosphere. 
Accordingly, the annealed membranes were referred as TFM200, TFM300, TFM350, 
TFM400 and TFM500, to be distinguished from the pristine membrane which was 
marked as TFM in the following discussion.  
3.2.4 Fabrication of dual-layer hollow fiber membranes 
Homogeneous dope solutions were prepared by fully dissolving desired amount of 
polymers in NMP with the aid of a Eurostar power-control stirrer. Viscosities of both 
PPSU and sPPSU polymers were measured as a function of polymer concentration in 
order to identify suitable outer-layer dope concentrations for spinning. An ARES 
Rheometric Scientific rheometer with a 25mm cone plate was employed for viscosity 
measurements at ambient temperature in a shear rate range of 1-100 sec
-1
. Figure 3.5 
shows the dope viscosity at the shear rate of 10 sec
-1
 versus polymer concentration in 
NMP. A power-law fluid model was applied to fit the rheological data and to express 
the relationship between shear stress τ (N/m2) and shear rate γ (sec-1) as follows: 
 
n
K    (3.1) 
(3.1) is assumed to be applicable to describe the rheological behavior of polymer 




Figure 3.5. Viscosity of sPPSU and PPSU polymers as a function of polymer 
concentration (Shear rate:10 s
−1
; Solvent: N-Methyl-2-pyrrolidone). 
 
Table 3.1 tabulates their empirical power law equations and indicates that PPSU has a 
lower viscosity and behaves more like a Newtonian fluid than sPPSU. The critical 
polymer concentrations, determined by the intersection of two slopes as illustrated in 
Figure 3.5, are 29.3 and 30.2 wt% for PPSU and sPPSU dopes, respectively. 
 










sPPSU 32 142.7 0.9242 
sPPSU/PPSU (50/50) 32 113.9 0.9114 
PPSU 32 24.6 0.9410 
 
The dual-layer hollow fiber membranes were fabricated by the co-extrusion technique 
using a triple-orifice spinneret. The spinning procedure had been described elsewhere 
[1-6]. After being fully degassed, the outer and inner polymer dopes were loaded into 












































of 95/5 (w/w) NMP/water was employed as the bore fluid in order to slow down 
phase inversion and produce a porous inner surface. Polymer dopes and bore fluid 
were filtered through sintered metal filters of 15 μm in pore size when being extruded 
out of the ISCO syringe pumps at ambient temperature. Tap water was used as the 
external coagulant. Table 3.2 summarizes the detailed spinning conditions for the 
dual-layer co-extrusion process. The as-spun hollow fibers were stored in water for 3 
days to remove residual solvents, followed by solvent-exchange in methanol and 
hexane three times and each for 30 min. Subsequently they were dried in air naturally.  
 




3.3.1 Surface Chemistry analyses 
 The membrane surface chemistry was analyzed by Fourier Transform Infrared 
Spectroscopy (FTIR, Bio-Rad FTS-3500)) and X-ray Photoelectron Spectroscopy 
(XPS, Kratos AXIS Ultra
DLD
, Kratos Analytical Ltd., England). Prior to tests, 
Spinning parameter Condition 
Dope composition 
(wt%) 













Bore flow rate (ml/min) 1.5
Spinneret dimension (mm) 1.2/0.97/0.44 
Air gap length (mm) 10
External coagulant Tap water
Spinning temperature Ambient temperature (AT)




Dope flow rate 
(ml/min) 
Inner layer 2
Outer layer 0.1 0.1/0.2/0.3/0.5/0.7 0.1 0.1
Take up speed (m/min) Free fall
75 
 
membrane samples were dried in a vacuum oven for overnight and then kept in a 
desiccator. FTIR analyses were carried out with a total of 64 scans over the 
wavenumber range of 400-4000 cm
-1
. During the measurements, the sampling 
chamber was continuously purged with nitrogen gas at a flow rate of 10 mL min
-1
 to 
avoid signal interference from the surrounding moisture and CO2. Meanwhile, XPS 
measurements were conducted to analyze the binding energy level of C1s and N1s on 
the film surface with a monochromatic X-ray of 15 kV and 100 W. The raw C1s and 
N1s spectra were deconvoluted with the XPSSPEAK41 software by applying the 
respective binding energies of N-related structures involved in different chemistry 
environments. 
3.3.2 Morphology 
The membrane morphology was observed by Field Emission Scanning Electronic 
Microscopy (FESEM JEOL JSM-6700F). A cross-section specimen was prepared by 
immersing the film in liquid nitrogen and then snapping it in half. Before observation, 
all the samples were coated with platinum using a JEOL JFC-1300 Platinum coater.  
3.3.3 Microstructure 
Microstructure of the membranes was studied by wide-angle X-ray diffraction (XRD) 
and positron annihilation spectroscopy (PAS) including Doppler broadening energy 
spectroscopy (DBES) and positron annihilation lifetime spectroscopy (PALS). XRD 
measurements were carried out by a Shimadzu XRD-6000 X-ray diffractometer using 
the Cu Kα radiation wavelength (λ=1.54 Å) at 40 kV and 30 mA. The average d-
spacing was determined by the Bragg‘s law: 
 2 sinn d    (3.2) 
where n is an integer (1, 2, 3…), d is the spacing between diffracting planes, θ is the 




Positron annihilation spectroscopy (PAS) [7-10], as a relatively new technique, has 
been proved to be a powerful tool for both qualitative and quantitative examination of 
local free volume properties at the atomic scale (i.e., 1-10 Å) in polymers. Several 
types of positron experiments have been developed in polymers; namely, positron 
annihilation lifetime spectroscopy (PALS), doppler broadening energy spectroscopy 
(DBES), aged momentum correlation (AMOC) and angular correlation of annihilation 
radiation (ACAR). DBES and PALS are the two most frequently used methods to 
characterize pore sizes in membranes. The usefulness of PAS for characterizing 
polymeric membranes has been iteratively demonstrated in recent works [4, 8, 11-15].
 
 
The DBES measurements were conducted using PAS coupled with a slow positron 
beam in our laboratory. The radioisotope 
22
Na with an activity of 50 mCi was used as 
the positron source. The positrons emitted from the source were moderated in a 
tungsten mesh and filtered through an E×B filter. After filtration, the slow positrons 
were accelerated at a variable mono-energy (from 0.1 keV to 30 keV), then 
magnetically focused towards the sample chamber and finally hit on the sample. The 
testing procedure can be found elsewhere [16, 17]. For tests on hollow fiber 
membranes, the samples were prepared by sticking hollow fibers in parallel on an 
aluminum plate holder to form a square surface with the area about 2.5×2.5 cm2. 
Two layers of fiber were packed in order to form a seamless surface. The DBES 
spectra were recorded using an HP Ge detector at a counting rate of approximately 
600-1000 cps and the total number of counts for each spectrum was 1.0 million. The 
mean depth Z of the materials where the positron annihilation occurs is calculated 
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     (3.3) 
Where Z is the depth in nm, ρ is the material density in g cm-3 and E+ is the incident 
positron energy in keV. The PAS spectra were fitted by using VEPFIT program. This 
equation was mostly applied to calculate the mean depth for membranes with a planar 
geometry. Since there is currently no suitable equation for cylindrical geometry, we 
have applied this equation in this work to estimate of the depth from incident energy.  
 
The free volume size and distribution were probed by positron annihilation lifetime 
spectroscopy (PALS). A fast-fast coincident PALS spectrometer in our laboratory 
with a system channel width of 50.53 picoseconds per channel was used to measure 
the lifetime and intensity of positron species. Figure 3.6 illustrates the schematic 
diagram of the bulk PALS system and a detailed description of the experimental 
process can be found elsewhere [18, 19]. A 
22
Na isotope sealed in Kapton film was 
used as positron and γ-ray (1274 KeV) sources. Membrane samples were cut into 
pieces with a dimension of 1×1 cm. The sealed source was sandwiched in between 
two stacks of membrane samples that were about 0.5 mm thick at each side. All the 
measurements were performed at a counting rate of approximately 200 cps and the 




Figure 3.6. Schematic diagram of the PALS system (CFD: Constant fraction 
discriminator; TAC: Time to amplitude converter; MCA: Multi channel analyzer). 
 
A simple quantum mechanical model was proposed to derive a relationship between 
cavity radius, R, and o-Ps lifetime by Tao in 1972 [20]. In this model, the o-Ps resides 
in a spherical well having an infinite potential barrier of radius R0 with a 
homogeneous electron layer ΔR in the region between the cavity radius (R) and R0 (R0 
= R + ΔR). This model has been popularly adopted and is generalized to both 
positron and o-Ps localization in a finite spherical hole. Such a model provides a 
simple relation between the positron or Ps lifetime, τ, and the mean free-volume 
radius (R). Based on this model, the PALS spectra can be resolved into several 
lifetime components using a PATFIT program: one para-positronium (p-Ps) lifetime, 
τ1, which was fixed to 0.125 ns; one free positron lifetime, τ2, and ortho-positronium 
(o-Ps) lifetimes, τn (n = 3, 4, 5…), with their corresponding intensity, I1, I2 and In. The 
fitting variance was used as a cursor to indicate the perfectness of fitting. The o-Ps 
















were commonly associated with the mean radii Rn (Å to nm) of the free volume 
elements. A semiempirical equation derived by fitting the measured o-Ps or positron 
lifetime (τ) in an infinite potential spherical model with known cavity sizes can be 
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3.3.4 Thermal property analyses  
The thermal decomposition behavior of the membrane samples was measured by a 
2050 Thermogravimetric Analyzer (TGA, TA Instruments) in a nitrogen environment. 
The temperature ramped up from 25 ºC to target temperatures with a ramping rate of 
10 ºC/min. DSC measurements were performed by a Mettler Toledo differential 
scanning calorimeter (DSC 822e) heated at 10 ºC/min from 25 ºC to the target 
temperature under nitrogen purging with a flow rate of 50 ml/min. A total of two 
heating-cooling cycles were conducted. The results were analyzed by the Mettler 
STARe default DB v9.10-STARe software. 
3.3.5 Others 
The density was measured by a microbalance with the aid of a density kit supplied by 
Mettler-Toledo (S.E.A.) Pte Ltd. The masses of the samples were measured in air and 
in a non-solvent solution sequentially at room temperature (24 ºC), and the density 
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where m0 and m0
'
 are the masses of the film in air and in non-solvent solution, 
respectively, while ρ0 and ρh are the densities of the membrane sample and the non-




The contact angle measurements were performed by a Rame -´Hart Contact Angle 
Goniometer (model 100-22) at ambient temperature (24 ºC). Deionised water droplets 
were introduced by a Gilmont microsyringe onto the membrane surface and the 
contact angle was automatically recorded. Similar tests were repeated at least 10 times 
for each membrane. 
 
The mechanical properties of membrane samples were measured by using an Instron 
5542 tensile testing equipment at room temperature.  The flat sheet membranes were 
cut into stripes with 5 mm width and clamped at both ends with an initial gauge length 
of 25 mm and a testing rate of 10 mm/min. At least three stripes were tested for each 
kind of membrane to obtain the average values of tensile stress, extension at break 
and Young‘s modulus of the membranes. 
3.4 Pervaporation studies 
The pervaporation experiments were carried out in two systems: A static 
pervaporation system as shown in Figure 3.7 (a) and a laboratory bench test unit 
supplied by Sulzer ChemtechGmbH shown in Figure 3.7 (b). The former is used for 
tests at ambient temperature while the latter is for tests at higher temperature, i.e., 45, 
60 and 75 ºC. Briefly, a 300 mL of alcohol/water mixture was loaded in the cell and 
directly in contact with the top surface of the film while the downstream pressure was 
kept at less than 1 mbar. A magnetic stirring bar at the bottom of the static cell 
provided mixing within the feed to minimize concentration polarization in all the 
experiments. Pervaporation tests at higher temperatures (45, 60 and 75℃) were 
performed on the Sulzer system. A 2 L of feed mixture was circulated in the system 
with a flow rate of 80–85 L/h. The operating principle is similar to the static 
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pervaporation setup, except that the operating temperature can be controlled by a 
heating bath in the sealed system. Retentate and permeate samples were collected at a 
certain time interval after the membrane had been conditioned for about 2 h.  
 
Figure 3.7. Schematic of the pervaporation separation system for flat-sheet 
membranes: (a) Static cell based system and (b) Sulzer pervaporation system. 
 
3.5 Vapor sorption 
A kinetic gravimetric sorption system built in our laboratory was employed to carry 
out the vapor sorption tests with saturated vapor. Figure 3.8 illustrates the schematic 
of the kinetic gravimetric sorption system and a detailed introduction of this system 
has been described elsewhere [23, 24]. Prior to test, the membranes were dried at 100 







































The membrane strips (about 12-15 mg) was suspended from a sensitive quartz spring 
(Deerslayer, US) with a spring constant of 0.21 mm/mg. After the whole system was 
vacuumed to remove the volatile species, the saturated organic vapor was generated 
by bubbling a nitrogen carrier gas in the liquid phase and the carrier gas/vapor 
mixture was gently introduced to the sorption chamber until the pressure reached 6 psi. 
The mass uptake in the polymer samples as a function of time was recorded based on 
the quartz spring displacement. The diffusion coefficients and equilibrium mass 
uptakes of each penetrants were extracted from these kinetic sorption curves for the 
TFM membrane samples. 
 
Figure 3.8. Schematic of the kinetic gravimetric sorption system. 
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CHAPTER 4: SULFONATED POLYPHENYLSULFONE (SPPSU) 
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4.1 Motivations and objectives 
Polysulfone (PSU) is a group of popular materials which have long been applied in 
pervaporation. Due to its relatively hydrophobic nature, sulfonation method is one of 
the common approaches to hydrophilize the polymers. Recently, McGrath and his co-
workers [1, 2] were the pioneers to introduce a so-called ―directly copolymerized 
sulfonation‖ method for fuel cell and water purification applications. Inspired by their 
works, directly sulfonated polyphenylenesulfone (sPPSU) containing various amounts 
of sulfonated monomer, i.e. 2.5 mol% (2.5%-sPPSU) and 5 mol% (5%-sPPSU) were 
synthesized and evaluated for pervaporation application. 
 
The objective of this work is to investigate the potential of the sPPSU polymers for 
dehydration of a series of alcohols by pervaporation process, i.e. C1-C4 alcohols. Flat 
dense membranes cast from sPPSU with different degrees of sulfonation were 
prepared. Pervaporation performance and fundamental characteristics of sPPSU 
membranes were investigated as a function of operation conditions. Their non-
sulfonated polyphenylenesulfone (PPSU) counterpart was also tested as a benchmark. 
Sorption tests were carried out by adopting a kinetic gravimetric sorption setup to 
gain a further insight between membrane performance and sorption characteristics. 
4.2 Experimental 
The PPSU and sPPSU dense films were casted using casting knife as illustrated in 
Chapter 3. Thermal behaviors, d-spacing, density, contact angle, mechanical 
properties of the as-cast membranes were characterized to evaluated the feasibility of 
their application in pervaporation process. The mass transport of the membranes was 
evaluated by pervaporation tests and vapor sorption. The pervaporation experiments 
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were carried out in two different setups: static pervaporation system and Sulzer bench 
test unit.  
4.3 Results and discussion   
4.3.1 Characteristics of sPPSU membranes  
The basic properties of PPSU and sPPSU membranes, including contact angles, 
membrane densities, glass transition temperatures (Tg), thermal decomposition 
temperatures (Td(5%)) and mechanical strengths are investigated and tabulated in Table 
4.1. In view of hydrophilic properties, it can be predicted that the membranes with a 
higher degree of sulfonation exhibit a lower contact angle. 
 
Table 4.1. Basic properties of PPSU membranes with different degrees of sulfonation.  
Membrane 5%-sPPSU 2.5%-sPPSU PPSU 
sDCDPS (mol%) 5 2.5 0 
Density 1.3240 1.3460 1.3980 
Contact angle 85.7 87.5 92.2 
d-spacing  (Å) 4.93 4.89 4.89 
Tg (C) 234.0 231.0 218.0 
Td(5%) (C) 490.0 530.0 540.0 
Young‘s modulus 
(MPa) 
1880±19 1750±33 1740±88 
Tensile stress (MPa) 84.6±4.5 93.8±6.2 79.7±6.4 
Extension at break (%) 118.0±11.4 137.0±16.6 132.0±19.9 
 
The DSC analysis indicates that the glass transition temperature of PPSU is 218.4℃ 
which is close to the reported value of 220℃ [3]. Interestingly, Tgs of 5%-sPPSU and 
2.5%-sPPSU membranes show a significant increment by 15.4℃ and 12.2℃, 
90 
 
respectively, compared to that of non-sulfonated PPSU membranes. By introduction 
of -SO3H groups into the polymer backbone, polymer chains become stiffer and less 
flexible due to the favorable interaction between -SO3H groups, which restrict chain 
mobility and consequently lead to a higher Tg value [4]. Figure 4.1 further illustrates 
that the thermal decomposition curve of 2.5%-sPPSU and 5%-sPPSU membranes 
indicates a weight loss of 0.5 wt% and 1 wt% between 300 and 450 ℃, respectively, 
while their non-sulfonated counterpart shows no weight loss in this temperature range. 
According to Harrison et al‘s work [5], the thermal degradation of acidified 
sulfonated polysulfone displayed a two-step weight loss process which was in 
agreement with our results. In their work, the first step occurs at around 350 ℃ which 
is attributed to the decomposition of -SO3H side groups, while the second one is due 
to the main chain decomposition. From the overall Td(5%) of each membrane, it can be 
concluded that all membranes possess an excellent thermal stability for pervaporation 
applications because typical dehydration pervaporation is operated below 100 C. 
 































250 300 350 400 450
91 
 
Concurrently, the membrane mechanical properties were evaluated by three 
components, i.e. Young‘s modulus, tensile stress and extension at break as shown in 
Table 4.1. Both sulfonated and non-sulfonated PPSU membranes behave like a typical 
thermoplastic material during tensile tests. In general, the mechanical strengths of 
three types of membranes are similar and sufficient for pervaporation processes. 
Specifically, Young‘s modulus, an indicator of the material rigidity, shows that the 
membrane becomes stiffer with the attachment of pendant -SO3H groups. This is 
attributed to the inter-chain interaction resulting from -SO3H group interactions, 
which is consistent with the rise on glass transition temperature.  
4.3.2  Ethanol pervaporation dehydration 
The effects of operating temperature and degree of sulfonation on ethanol dehydration 
performance were further investigated and shown in Figure 4.2. In general, the 
fabricated membranes with higher degrees of sulfonation, i.e. 2.5%-sPPSU and 5%-
sPPSU, show higher separation performance in terms of fluxes and separation factors. 
For each membrane, the flux indicates an increasing tendency at elevated operating 
temperatures, while the separation factor shows a decreasing trend. Interestingly, the 
fluxes of membranes with different degrees of sulfonation are nearly identical at 
lower operating temperatures, while their values diverge significantly in an increasing 
trend at higher operating temperatures. Meanwhile, the separation factors of these 




Figure 4.2. Total flux and separation factor vs. temperature for the ethanol 
dehydration performance of PPSU membranes with different degrees of sulfonation. 
 
To elucidate the above phenomena, the intrinsic properties of membranes were 
calculated. Figure 4.3 shows both permeability (P) and selectivity (β) for water and 
ethanol as a function of operation temperature. Consequently, the total permeability 
and selectivity follow the same trend as flux and separation factor with an increase in 
the degree of sulfonation as illustrated in Figure 4.3 (a). In other words, both 
permeability and selectivity follow an uptrend with increasing degree of sulfonation. 
Furthermore, the slope of total permeability for all membranes at elevated 












































Figure 4.3. Ethanol dehydration performance of PPSU membranes with different 
degrees of sulfonation, (a) Total permeability and selectivity vs. temperature and (b) 
water and ethanol permeability vs. temperature. 
 
The slopes of water and ethanol permeability shown in Figure 4.3 (b) are in the same 
order with that of total permeability. This phenomenon reflects the more pronounced 
swelling of membranes with higher degrees of sulfonation as operating temperature 
increases. It‘s known that the diffusion processes becomes faster while the 
equilibrium solubility decreases with increasing operating temperature. Although the 
chain structure of sPPSU is less flexible than PPSU membrane, when applied in 












































































































temperatures, which results in the higher enhancement of diffusivity. The increasing 
permeability trends of sPPSU in Figure 4.3 indicate that the increment in diffusivity 
dominates over the reduction in solubility when pervaporation temperature is 
increased, while that of PPSU for water component is in the opposite way. Another 
factor that contributes to the increasing trend of water permeability in sPPSU 
membranes may be the diminishment of hydrogen bonding strength and lifetime 
between water and –SO3H groups at higher temperatures [6], which increases the 
diffusion rate of water in sPPSU membrane. When compared with those of flux in 
Figure 4.2, the slopes of permeability shown in Figure 4.3 are dramatically lower due 
to the increase in driving forces of individual components. As shown in Chapter 2, the 
saturated vapor pressures of permeating components increase at elevated operating 
temperatures while downstream pressure remains the same, so that the effects of 
operating temperature on permeability are weakened.  
 
Based on the permeability and sorption data, the diffusivity and solubility towards 
water and ethanol of each membrane at 35 C were calculated and analyzed in terms 
of diffusivity selectivity and solubility selectivity as tabulated in Table 4.2. It can be 
observed that selectivity is mainly attributed to diffusivity selectivity, while solubility 
selectivity plays an insignificant role. Based on the solution-diffusion model [7-9], the 
solubility of feed components in the membrane is determined primarily by the 
chemical affinities of the membrane material towards the penetrants while the 
diffusivity mainly depends on size and shape of penetrants as well as the interstitial 
space among polymer chains. Although theoretically sulfonation can enhance the 
hydrophilicity of PPSU membranes, solubility selectivity is not improved from PPSU 
to 5%-sPPSU membranes. This is mainly due to the fact that ethanol sorption is much 
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higher than water sorption in both PPSU and sPPSU membranes, as demonstrated in 
Figure 4.4.  
 
Table 4.2. Permeability, diffusivity and solubility of PPSU and sPPSU membranes 





















 kPa) SS 
Water Ethanol Water Ethanol Water Ethanol 
5%-
sPPSU 
41.8 0.12 348.0 215 0.243 887.2 1.94 4.95 0.39 
2.5%-
sPPSU 
38.9 0.15 265.3 187 0.236 792.3 2.08 6.22 0.34 
PPSU 35.4 0.18 198.0 107 0.215 500 3.30 8.33 0.39 
 
 
Figure 4.4．Sorption curves of PPSU and sPPSU membranes in various vapors: (a) 
ethanol vapor and (b) water vapor at 35℃. Mdry is the mass of dry membrane and Mt
’
 
is the overall mass of membrane and sorbed slovent at time t. 
 
The solubility parameters shown in Table 4.3 [10, 11] also support the above 
conclusion. As can be seen, solubility parameters of PPSU and sPPSU membranes are 
closer to those of alcohols. As a result, all membranes tend to have preferential 
affinity to alcohols. It‘s known that a smaller difference in solubility parameter 
between a penetrant and a polymer indicates a stronger affinity between them, which 
is in accordance with the results in Table 4.2 that the solubility selectivity of water 
over ethanol for all three membranes are less than 1. However, diffusivity selectivity 
(a) (b)
















































makes it possible to dehydrate alcohols by both sulfonated and non-sulfonated PPSU 
membranes due to the size diversity of feed components. Interestingly, the water 
diffusivity of sPPSU membranes is nearly twice of that of PPSU membrane while 
ethanol diffusivity of all membranes does not largely increase.  
 
Table 4.3. Comparison of the solubility parameters
a
. 
Membrane δd δp δh δsp 
Water 
b
 15.5 16.0 42.4 47.9 
Methanol 
b
 15.1 12.3 22.3 29.7 
Ethanol 
b
 15.8 8.8 19.4 26.6 
IPA 
b
 15.8 6.1 16.4 23.5 
n-Butanol 
b
 16.0 5.7 15.8 23.1 
5%-sPPSU 
c
 18.7 17.8 8.5 27.2 
2.5%-sPPSU
c
 18.7 17.7 8.2 27.0 
PPSU 
c
 18.7 17.5 7.9 26.8 




b. From ref. [10] 
c. Calculated using the method from T. Matsuura [11] 
 
It‘s apparent to be observed that temperature significantly affects the membrane 
separation performance. Generally, the temperature dependency of flux and 
permeability in pervaporation can be expressed by Arrhenius equations. 
 0 exp( )
JEJ J
RT
    (4.1) 
 0 exp( )
PEP P
RT
   (4.2) 
where J0 and P0 are the pre-exponential factors and T is the operating temperature. EJ 
and EP are the activation energies based on flux and permeability, respectively. These 
two equations have been extensively employed in pervaporation to evaluate the 
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activation energy of permeation from ln J or ln P vs. 1/T plot [8, 12, 13]. Table 4.4 
lists the numerical values of EJ and EP obtained from the current separation system. 
  















5%-sPPSU 42.92 42.49 74.58 2.78 2.65 33.18 
2.5%-
sPPSU 
40.67 40.22 68.00 0.32 0.18 26.58 
PPSU 39.29 38.99 55. 92 -1.13 -1.22 14.68 
 
As discussed by Feng et al [13], EP is a combination of the activation energy of 
diffusion (ED) and the enthalpy of dissolution (ΔH) of permeate in the membrane, 
while EJ also includes enthalpy of vaporization (ΔHV) besides EP.  
 P DE E H   (4.3) 
 J P VE E H   (4.4) 
Therefore, the activation energy obtained from flux is overestimated since enthalpy of 
vaporization (ΔHV) is positive. The negative value of EP is due to the decreasing trend 
of permeability with temperature. The reason is that, the enthalpy of dissolution ΔH, 
which is generally negative for an exothermic sorption process, dominates over the 
positive activation energy of diffusion ED. Table 4.4 reveals that the activation energy 
for ethanol is much higher than that for water. In general, this phenomenon refers that 
the energy barriers for ethanol transporting through membranes are greater than those 
for water, implying a higher transport resistance for ethanol.  For both water and 
ethanol, the activation energy increases with the increasing the degree of sulfonation. 
This indicates that separation performance of sPPSU membranes is more sensitive to 
operating temperature than that of PPSU membranes; namely, sPPSU membranes 
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have a higher transport resistance for solvents. This can be attributed to the more rigid 
structure of sulfonated PPSU membranes as demonstrated by higher glass transition 
temperatures of sulfonated PPSU membranes.  
4.3.3 Pervaporation dehydration of C1- C4 alcohols 
Dehydration of a series of alcohols, i.e., methanol, ethanol, IPA and n-butanol (C1-
C4), has been further investigated at 60 ℃. The total flux and separation factor as a 
function of carbon number of alcohol are shown in Figure 4.5 (a) while the 
permeability and selectivity trends were displayed in Figure 4.5 (b).  
 
Figure 4.5. C1-C4 alcohol dehydration performance of PPSU membranes with 
different degrees of sulfonation, (a) Total flux and separation factor and (b) 
















































































































































































































Generally, the order of separation factor in alcohol dehydration may follow the order 
of molecular size while the order of flux shows an opposite trend. However in this 
study, the flux is maintained at about 30 g/m
2
hr from methanol to n-butanol 
dehydration while the separation factor follows the order of IPA > n-BuOH > EtOH > 
MeOH. Meanwhile, selectivity shows the same trend as separation factor while 
permeability continuously decreases from methanol to n-butanol. Similar findings can 
be found in the works by Wang et al [14] and Jiang et al [15]. Wang et al [14] 
reported the same order of separation factor as ours by investigating the PAI/PEI dual 
layer hollow fiber for C1-C4 alcohols dehydration. Jiang et al [15] also revealed that 
selectivity of n-butanol is higher than that of IPA. According to them, two factors lead 
to this trend: solubility and molecular linearity. On one hand, the solubility parameter 
of IPA and n-butanol are similar so that it has no significant contributions to this trend. 
On the other hand, n-butanol possesses a higher linearity than IPA since the dynamic 
cross-section and quasi aspect ratio of n-butanol are 1.22 and 4.37, respectively, while 
those of IPA are 1.38 and 1.98 accordingly. Therefore, IPA dehydration through 
PPSU based membrane can achieve both a higher separation factor and a higher 
selectivity than n-butanol dehydration. 
 
To the present, methanol dehydration by pervaporation has not been extensively 
studied. This is probably due to lack of applicable materials with both highly anti-
swelling property towards methanol molecules and economically accessibility. 
Currently, methanol dehydration is dominated by inorganic membranes due to their 
highly anti-swelling properties. However, inorganic materials are difficult to process 
and comparatively expensive, which restrict its extensive applications. Polymeric 
membranes with relatively flexible chains are easy to fabricate, but also can be readily 
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swollen and consequently cause poor separation performance. In this work, we found 
that the new sPPSU membranes show promising separation performance for methanol 
dehydration. Table 4.5 compares the separation performance of polymeric membranes 
for methanol dehydration [14, 16-19]. sPPSU dense membranes in this work can 
reach a separation factor of 11 while maintain a flux above 30 g/m
2
hr, which is better 
than most other polymeric membranes. Clearly, sPPSU based membranes may have 
great potential to be applied for methanol purification in the industry.   
 

































60 15 --- 1033 45.5 4.71 [14] 















asymmetric 20-25 20 --- ~150 58 1.33 [19] 
 
4.4 Conclusions 
This work investigated the fundamental properties of sulfonated PPSU (sPPSU) 
membranes synthesized by using direct copolymerization sulfonation method. The 
effects of sulfonation degree and operating temperature on separation performance are 
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discussed in detail with respect to separation of ethanol/water binary mixture. 
Sulfonated and non-sulfonated PPSU membranes are subsequently used for 
dehydration of C1-C4 alcohols by pervaporation. The following conclusions can be 
further drawn from this work: 
(1) Both sulfonated and non-sulfonated PPSU membranes possess excellent thermal 
and mechanical stability as well as fairly outstanding chemical resistance, which 
are suitable for the pervaporation process.  
(2) Membranes made from directly copolymerized sulfonation of PPSU can improve 
the pervaporation performance for alcohol dehydration. Sulfonate groups can 
rigidify the polymer chains and enhance the hydrophilicity of membranes, 
consequently improve the separation performance of alcohol dehydration. 
(3) Sorption data reveal that solubility of ethanol is higher than that of water for both 
PPSU and sPPSU membranes while diffusivity shows the opposite way. 
Therefore, separation performance is mainly attributed to the preferential 
diffusion of feed components through membranes. As a result, selectivity is 
mainly attributed to diffusivity selectivity, while solubility selectivity plays an 
insignificant role.  
(4) For dehydration of C1-C4 alcohols by pervaporation, flux can be maintained 
above 30 g/m
2
h while separation factor follows the order of IPA > n-BuOH > 
EtOH > MeOH.  
(5) Sulfonated PPSU membranes exhibit impressive performance for methanol 
dehydration. The separation factor can be reached above 11 at 60℃, which is 
better than most other polymeric materials, indicating great potential to be used 
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by a pressurized ultrafiltration method for dehydration of ethanol, Journal of 
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5.1 Motivations and objectives 
To date, there are only a few papers focusing on pervaporation separation behavior of 
the GO-based membranes. In view of the versatile mass transport characteristics of 
GO films presented in Nair et al‘s work [1], we believed that GO may be a potential 
material for pervaporation. Additionally, Nair et al [1] mainly evaluated the 
permeation rates of single-component vapors or gases. For the separation of binary 
mixtures, the interactions between the feed components and the GO film would be 
inevitable factors that could affect the separation efficiency. Therefore, this work aims 
to (1) understand the fundamentals of the GO film, (2) to explore the feasibility of the 
GO film for dehydration of biofuels, and (3) identify the key issues in formation of 
GO films and their pervaporation performance. The separation of a binary 
ethanol/water mixture via pervaporation was chosen because ethanol is a potential 
biofuel component produced from biomass and its separation from water is a crucial 
step to its extensive applications [2]. Impressive separation performance was achieved 
and correlated nicely with the microstructure of the GO films that provide useful 
insights about the formation, micro-structure as well as mass transport behavior of the 
GO film. 
5.2 Experimental 
The free-standing GO films were prepared by employing a pressurized ultrafiltration 
system as illustrated in Chapter 3. The surface chemistry of GO films was analyzed 
by Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Photoelectron 
Spectroscopy (XPS). The contact angle of a water droplet on the film was measured 
to evaluate its surface hydrophilicity. Additionally, the morphology of TGO films was 
observed by Field Emission Scanning Electronic Microscopy (FESEM). Afterwards, 
the microstructure of GO films was studied by wide-angle X-ray diffraction (XRD) 
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and positron annihilation spectroscopy (PAS) including Doppler broadening energy 
spectroscopy (DBES) and positron annihilation lifetime spectroscopy (PALS). The 
density, mechanical and thermal properties of the GO film were also inverstigated. 
Finally, the pervaporation experiments were carried out in a static pervaporation 
system described in Chapter 3.  
5.3 Results and discussion 
5.3.1 Fundamental study of GO films 
XPS measurements reveal that the GO film possess an O/C ratio of around 0.4, which 
is somewhat higher than most of those reported [3]. The high oxygen content denotes 
a large amount of oxygen-containing groups existing on the graphene nanosheet. The 
C1s spectrum and its deconvolution results are plotted in Figure 5.1 (a). The C-O 
groups comprise about 48 % of the total C1s peak area while the proportions of the 
C=O and C(O)O are 5.5 and 3.0 %, respectively. The FTIR spectrum in Figure 5.1 (b) 
indicates the presence of hydroxyl groups (OH stretching at 3400 cm
-1
 and C-O 
stretching at 1226 cm
-1
) and epoxy groups (C-O-C stretching at 1055 cm
-1
) as well as 
carboxyl groups (C=O stretching at 1732 cm
-1
). The results from XPS and FTIR 




Figure 5.1. Surface chemistry of GO films. (a) XPS deconvolution  results of the C1s 
spectrum; (b) FTIR spectrum and (c) Lerf-Klinowski Model of the GO nanosheet 
structure [4]. 
 
These functional groups may have three effects: (1) the GO nanosheets could be 
interlocked with one another by hydrogen bonding interactions among the functional 
groups, which maintain the integrity of the film even when it is immersed in water, (2) 
a proper interlaminar spacing could be sustained, which makes it possible for the 
transport of some small molecules through the film while retaining others, and (3) the 
hydrophilicity of the GO film could be enhanced. The hydrophilicity was reflected by 
the contact angle which is shown in Table 5.1. A commercial polyphenylsulfone 
(PPSU) dense film was also tested as a control. The contact angle of the GO film is 
much lower than that of PPSU which was previously studied for dehydration of C1-
C4 alcohols [5]. The existence of the abundant functional groups is beneficial to the 

































TGO film  
(10 μm) 
1.77±0.01 41.4±2.1 6130±430 135.0±21.0 10.5±1.1 
PPSU dense 
film (~16 μm) 
1.40±0.02 92.2±1.0 1740±90 80.0±6.4 132.0±19.9 
 
The morphology of the GO film with a thickness of 10 µm (referred as TGO) is 
shown in Figure 5.2. Figure 5.2 (b) and (c) show some wrinkles on the surface which 
are probably the edges of the GO nanosheets. Overall, the surface is relatively smooth, 
and there are no obvious defects (pores or cracks), which is favorable for its 
application in pervaporation. The cross-section images in Figure 5.2 (d) and (e) reveal 
a well-packed structure with a layer-by-layer pattern and the digital photo, Figure 5.2 
(a), suggests that the film is quite flexible.  
 
Figure 5.2. Morphology of the TGO film: (a) digital photo; (b) and (c) surface; (d) 
and (e) cross-section. 
 
A bending experiment was carried out to study the film flexibility, and Figure 5.3 (a) 









Figure 5.3 (d), displays no distortion in the layered structure, while deformation 
occurs at the region with a low radius of curvature, Figure 5.3 (b) and (c). The 
buckling of GO layers reveals that the GO nanosheets may undergo simultaneous 
interlaminar shear and bending stresses, which results in the local folding structure. 
The bending experiments suggest that the GO film is reasonably flexible compared to 
other inorganic membranes. 
 
Figure 5.3. Bending experiments of the TGO film observed by FESEM. 
 
XRD measurements, over the range of 2.5º and 60º, were conducted to determine the 
crystalline structure of the TGO film. The diffraction pattern in Figure 5.4 exhibits 
intense GO crystalline peaks which agree well with that reported in the literature [6] 
and confirm a well-organized packing of GO nanosheets in the film. The d-spacing 
calculated from the first peak is around 8.22 Å at a relative humidity (RH) of about 
50%. The value of d-spacing reported in the literature varies considerably [6-8]  







d-spacing results from the uptake of water molecules that hydrogen bonds with the 
GO nanosheets and, hence, enlarges the interlaminar spacing. 
 
Figure 5.4. XRD spectrum of the TGO film. 
 
Other physical properties of the free-standing GO film were investigated to further 
understand its characteristics such as mechanical strength, thermal properties and 
density. The results are tabulated in Table 5.1 and the TGA curves were plotted in 
Figure 5.5. Compared with the dense PPSU film, which represents a common 
polymeric material, the GO film exhibits higher stiffness and tensile stress but lower 
ductility. Additionally, the thermal degradation of the GO film displays a two-step 
weight loss process. Specifically, the first step (about 10% weight loss) occurs at 
around 100 ºC, which is probably attributed to the loss of absorbed water. The second 
weight loss occurring at about 200 ºC is due to the pyrolysis of the oxygen-containing 
functional groups that producing CO2 and other gases [9-11]. One may notice that the 
curve obtained at the ramp rate of 10 ºC/min shows a high degree of weight loss. This 
may be due to the sudden decomposition of oxygen-containing groups and some of 
the GO sample was blown out of the crucible by the violent release of as also 


















that the GO film may be partially reduced to graphene at about 200 ºC and, therefore, 
it may not be practical to use GO films at high temperatures.  
 
Figure 5.5. TGA curves of the GO film at different temperature ramp rates. 
5.3.2 Effects of pressure on film structure and separation performance  
A popular method reported in the literature [1, 7, 14] to assemble GO films is vacuum 
filtration. However, if a trans-membrane pressure of only 1 bar is applied, it may not 
be sufficient to well pack the GO nanosheets. Besides, the driving force to pack the 
nanosheets may steadily drop with the growing number of GO layers. A trial on 
dehydration of ethanol by the GO film fabricated from the vacuum filtration method 
revealed that the pervaporation performance was not stable and the selectivity became 
worse after testing for several hours. Since this unstable performance may be due to 
the insufficient packing of GO layers, we chose a pressurized ultrafiltration system to 
enhance the driving force for nanosheet packing during film fabrication. By varying 
the ultrafiltration pressure, one could possibly optimize the packing density of GO 



































Four ultrafiltration pressures, i.e, 2, 5, 10 and 20 bar, were selected and applied to the 
proposed system. The resultant films with a thickness of about 2 µm were accordingly 
named as FGO-2, FGO-5, FGO-10 and FGO-20. XRD was used to compare the d-
spacings of the FGO films. XRD spectra of the FGO films at dry state in Figure 5.6 (a) 
exhibit a sharp peak at around 10 º and a broad peak at 17.5 º. By comparing them 
with the TGO spectrum in Figure 5.4 and the polycarbonate spectrum, one can 
observe that the broad peak reflects the amorphous polycarbonate while the sharp 
peak belongs to the GO film. The GO peak shifts to a larger angle when the applied 
pressure increases from 2 to 5 bar and then slightly decreases when further increasing 
pressure to 20 bar, probably indicating an evolution of the packing density as a 
function of the preparation process.  
 
Figure 5.6. XRD spectra of the FGO films at (a) dry state and (2) wet state (soaked in 
an 85 wt.% ethanol aqueous solution). 
 
DBES spectroscopy was employed to qualitatively compare the free volume size in 
the FGO films. Figure 5.7 shows the evolution of the so-called S parameter (depth 


































profile) as a function of the incident positron energy. The S parameter, derived from 
2γ annihilation in DBES spectra, measures the free volume elements with an effective 
radius less than 1 nm [15]. There are three main factors contributing to the S 
parameter: (1) free-volume content (based on para-Positronium (p-Ps) annihilation), 
(2) free-volume size (based on the uncertainty principle), and (3) chemical 
composition. The S-parameter depth profiles are fitted by VEPRFIT program to 
eliminate the diffusion length and identify the thickness of GO films. The GO film 
thickness is nearly 2 µm which is similar to the value obtained from a Digimatic 
indicator (IDC-112B-5, Mitutoyo Asia Pacific Pte. Ltd. Japan).  
 












































The GO layer presented in Figure 5.7 (a) is amplified in Figure 5.7 (b). The smaller S 
parameter at the plateau indicates either a smaller free volume size or a lower free 
volume content in the GO film. As a consequence, it can be deduced that the FGO-5 
film has the densest packing structure. Both DBES and XRD results demonstrate that 
the packing structure of the GO nanosheets and the interlaminar spacing are 
sensitively affected by the ultrafiltraition pressure applied during film formation.   
 
 The group of GO films were used to dehydrate an 85 wt.% ethanol aqueous solution 
at room temperature (24 ºC). Figure 5.8 shows the pervaporation performance in 
terms of permeability and selectivity versus the pressure used to form the GO film. 
The water and ethanol permeability show a minimum trend while the water/ethanol 
selectivity shows a maximum. These trends might be attributed to changes in packing 
density and regularity of the GO layers as a function of the preparation process. 
Packing density might be expected to increase as the ultrafiltration pressure is 
increased; however, higher pressures lead to a faster filtration process, and this may 
lead to defects in the film since an orderly assembly of GO nanosheets into the film 
may not be able to keep pace with the higher deposition rate of nanosheets. The 
optimal pressure is 5 bar at which the film may exhibit the most organized and 
densest packing. Therefore, the FGO-5 film possesses a high selectivity of 227 with 
an outstanding water permeability of 13,800 Barrer. The ethanol permeability 
undergoes a larger change than the water permeability, perhaps because the larger 
ethanol molecules are more sensitive to the interlayer spacing. The PAS and XRD 
measurements described earlier were performed in the dry state; however, XRD 
measurements in the wet state were also performed after the films were soaked in an 
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85 wt.% ethanol aqueous solution for 2 days. The spectra are presented in Fig. 8 (b). 
The polycarbonate peaks is absent in Fig. 8(b), because when immersed in feed, the 
GO film was promptly separated from the polycarbonate support due to the fact that 
there is no significant interaction between them. Thus, only the free-standing GO 
films were scanned in the wet XRD tests. Compared to the spectra in the dry state, 
there is essentially no change in the GO peak, except for an insignificant shift to the 
right. The similarity of XRD scans of the films in the wet and dry states probably 
reflects a low water uptake from an 85 wt% ethanol aqueous solution, i.e., a low water 
activity. 
 
Figure 5.8. Pervaporation performance of the FGO films as a function of the 
ultrafiltration pressure during fabrication (1 Barrer = 3.348×10-19 kmol m m-2 s-1 Pa-1). 
 
5.3.3 Effect of feed composition on structure and separation performance 
According to the work of Nair et al [1], the GO interlaminar spacing was also 
significantly affected by the relative humidity (RH). It appeared that the spacing 
between GO layers was enlarged from about 7 Å to 11 Å when the RH increased from 
30% to 100%. Thus, the water permeation rate through the GO film became much 
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observation when testing the helium leakage. Almost no helium permeation was 
detected at low RH, while it started to permeate through the film at high RH but the 
permeation rate is quite low compared with water. They speculated that the 
intercalating water would impede large molecules from moving through graphene. 
However, the complicated interaction among the feed components and the film may 
lead to a different separation behavior in pervaporation process [16].  
 
In order to study the effect of feed water content on interlaminar spacing and 
separation performance of the GO film in the pervaporation process for binary-
component separation, we varied the water content in ethanol/water feed mixture (i.e., 
0, 15, 30, 50, 75 and 100 wt.%) and employed the FGO-5 film to carry out the tests. 
The pervaporation results are shown in Figure 5.9. Figure 5.9 (a) reveals that the 
permeation flux is 0.01 kg/m
2 
h when the feed is pure ethanol, which suggests that the 
GO film is a good barrier for ethanol. However, the total flux steadily increases to 
more than 1 kg/m
2 
h as the water content in the feed increased. Especially when the 
feed consists of 100% water, the permeation flux is dramatically increased to 3.64 
kg/m
2 
h. This increment may be induced by two factors: (1) the enhancement of the 
driving force due to the increased pressure difference across the membrane; and (2) 
the enlargement of interlaminar spacing of the GO film. In order to decouple the two 





Figure 5.9. Pervaporation performance of the FGO-5 film at different feed 
compositions (1 Barrer = 3.348×10
-19








Figure 5.9 (b) reveals that the water and ethanol permeability display the same trend 
as the flux, while the selectivity shows a slight minimum at about 50% water in the 
feed. The upward trends of the permeability imply that the film may undergo a 
physical swelling process which is common in pervaporation. Especially, as the feed 
composition is altered, the membrane is swollen to different degrees depending on the 
interactions between the membrane and feed components. Generally, hydrophilic 
membranes would be swollen more by water in the feed. For the GO film, the 
swelling induced by water may be significant due to its hydrophilic nature. The water 































































































































is enhanced at higher water contents in the feed. Nevertheless, compared with water, 
the ethanol permeability is quite low in these mixed feed tests due to the high 
transport resistance in the tortuous transport channels of the GO film. Similar 
observations were also described by Nair et al [1]. 
 
The ideal selectivity calculated from single-component tests (feed water content at 0 
and 100 wt.%) is about 2260. However, the selectivity from binary-component tests 
(feed water content at 15-75 wt.%) are much smaller. This suggests that the 
interlaminar spacing is too narrow and the affinity for ethanol is too low for effective 
ethanol transport through the film when there is no water in the feed. The resistance of 
the channels against ethanol transport is weakened with the enlargement of 
interlaminar spacing due to the water-induced swelling. The enlarged interlaminar 
spacing enables ethanol molecules to permeate through the GO film. Therefore, the 
selectivity is somewhat sacrificed. However, the selectivity increases slightly when 
the water content further increases to 75 wt.%. This may be due to that the channels 
are preferentially occupied by water molecules at higher feed water content since 
water has better affinity for GO and this may tend to add resistance to ethanol 
transport. Therefore, water molecules have priority to diffuse through the channel. 
This effect is somewhat at odds with the enlargement of the interlayer spacing in 
terms of the effect on the ethanol transport in the GO film. The channel enlargement 
may play a leading role at low water content, while the effect of channel occupation 
by water (i.e. intercalation) may be dominant when the water content further increases.  
 
PALS measurements were carried out to evaluate the free volume sizes of the GO 
films in the dry and wet states. The inset in Figure 5.10 shows a digital image of a 
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piece of GO film in water. Prior to wet tests, all the film samples were immersed in 
water or ethanol for 2 days. The PALS results show that the intensities (I3) of τ3 for 
the dry sample and the one saturated in ethanol are 1.2% and 1.6%, respectively, 
while 5.5% was observed for the one saturated in water. These τ3 values are too small 
to calculate accurate free volume sizes. Therefore, τ2 is employed for the estimation 
since the intensities (I2) of τ2 for all these samples are about 80-85%. The radius of 
free volume vesus τ2 curve is plotted in Figure 5.10. The average radius (R) of the dry 
film is 2.49 Å, while it goes up to 2.51 and 2.66 Å when the samples are saturated in 
ethanol and water, respectively. It is of interest to note that all three radii are higher 
than the kinetic radius of ethanol (2.15 Å) [17], thus, a high permeation rate of ethanol 
through the film might be expected. However, as mentioned earlier, the ethanol 
permeability is much lower than that of water. This may be the result of the greater 
partitioning of water in the transport channels relative to ethanol and the intercalation 
of water molecules in these channels may hinder the transport of ethanol molecules.  
 




































Based on our previous work [18], solvent swelling leads to an enlargement of the 
spacing between GO nanosheets, but solvent molecules occupy part of the free 
volume, which would tend to reduce the free volume available for transport of other 
molecules like ethanol, i.e., a solvent filling effect. Based on the fact that I3 is 
dramatically increased for the sample saturated in water, we might conclude that 
water imbibed into the interstitial spaces partially hinders the o-Ps inhibition and 
quenching effects. Therefore, the filling effect by water molecules is significant, and 
the actual free volume size is probably much larger than that calculated from τ2. 
Meanwhile, I3 of the dry sample and the sample saturated in ethanol are similar, 
indicating that the solubility of ethanol in the film is quite small. Despite of the 
molecule filling effect, the increment of the free volume size in the film saturated in 
water is still larger than that in the film saturated in ethanol. The enlargement of free 
volume size induced by water molecules is responsible for the low selectivity in the 
binary-component tests compared with the ideal selectivity.   
5.4 Conclusions 
A series of GO films formed by using a pressurized ultrafiltration method have been 
evaluated for separation of ethanol/water mixtures via pervaporation. The morphology 
of the GO film reveals a well-packed structure with a layer-by-layer pattern. The 
hydrogen bonding interaction promotes the interlocking between GO nanosheets, 
which makes the film possess high structural stability as well as good mechanical 
strength. Besides, the high hydrophilicity and proper interlaminar spacing are the key 
factors for its application in pervaporation. Pervaporation performance indicates that 
the GO film exhibits preferential water transport with particularly high water 
permeability and selectivity. Therefore, GO is an interesting candidate material for 
application in separation of aqueous solutions. Based on its versatile properties, we 
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believe that the GO film has great potential for various separations by chemically or 
physically tuning its interlaminar spacing.  
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6.1 Motivations and Objectives 
The cyclotrimerization reaction to form a covalent triazine framework can be 
achieved via several approaches. One widespread way is based on ionothermal 
trimerization coupling reaction which takes molten ZnCl2 (Lewis acid) as both solvent 
and catalyst [1-4]. The reaction has to be performed at high temperatures (400-700 ºC) 
for dozens of hours, which may deteriorate the structure of some monomers as well as 
carbonize the derived polymers. To refine the process, a microwave-assisted 
polymerization method was proposed recently [5]. Although this method shares the 
same catalysis mechanism with the Lewis acid-based method, the reaction time is 
remarkably shortened to less than one hour. Another alternative method is to adopt 
strong Brønsted acids to catalyze the cyclotrimerization reaction at mild conditions 
[6-12]. In this reaction system, extreme temperatures are no longer a critical element 
for the chemical conversion; the reaction can be realized below 100 ºC or even lower. 
In addition, the acid residual can be easily washed out, such that a polymer network 
with high purity is produced. However, the low degree of reaction may be an 
inevitable issue in some cases, therefore, a combination of both methods may be 
necessary to attain a hyper-crosslinked polymer network. 
 
To date, most of the developed TFM polymers are studied as absorbents with respect 
to their gas storage and selective sorption properties [9, 12-14]; very few of them 
were developed into perm-selective membranes for membrane-based separations [10, 
11]. In this work, a TFM polymer is synthesized via the Brønsted acid-catalyzed 
cyclotrimerization reaction. Post-thermal annealing is applied to convert the residual 
portion of nitrile groups. The objectives of this work are: (1) to study the formation of 
free volume cavities in the membrane upon cyclization reaction and the thermally-
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induced evolution of free volume, (2) to evaluate the mass transport properties in the 
pristine and thermally-annealed membranes and (3) to explore the feasibility of 
applying these materials for pervaporative dehydration of biofuels. The changes of 
free volume elements are monitored by positron annihilation lifetime spectroscopy 
(PALS). Pervaporation and sorption of an ethanol-water system are carried out to 
evaluate the mass transfer properties of the TFM polymers. Since the variations of 
their mass sorption and diffusion correlate well with the free volume evolution, this 
study may provide useful insights about the micro-structure and mass transport 
behavior of the microporous polymeric material.  
6.2 Experimental 
The pristine TFM membrane is in-situ fabricated in the course of polymer synthesis 
via a facile Brønsted acid-catalyzed cyclotrimerizaiton reaction as illustrated in 
Chapter 3. The as-synthesized TFM membranes were further post-cured by thermal 
annealing at 200, 300, 350, 400 or 500 ºC. Accordingly, the annealed membranes 
were referred as TFM200, TFM300, TFM350, TFM400 and TFM500, to be 
distinguished from the pristine membrane which was marked as TFM in the following 
discussion. 
 
The TFM membranes were characterized by TGA and DSC to evaluate their thermal 
properties. The membrane surface chemistry was analyzed by X-ray Photoelectron 
Spectroscopy (XPS). Additionally, the microstructure of the membranes was studied 
by wide-angle X-ray diffraction (XRD) and positron annihilation lifetime 
spectroscopy (PALS).  Pervaporation tests and vapor sorption experiments were 
carried out to study the mass transport behavior of the TFM membranes. 
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6.3 Results and discussion 
6.3.1 Post-thermal annealing of the pristine TFM membrane 
The reaction scheme and a digital image of a transparent TFM membrane sample are 
shown in Figure 3.4 (a). Its chemical structure was studied by XPS measurements. 
The XPS spectra and their deconvolution results are shown in Figure 6.1. The 
spectrum of the pristine TFM membrane in Figure 6.1 (a) exhibits two peaks which 
reflect the presence of nitrile groups (400.3 ev) and aromatic triazine groups (398.9 
ev), respectively. Even though the cyclization reaction substantially occurred, there 
are still substantial amount of residual nitrile pendants in the membrane due to the 
incomplete reaction. Therefore, the pristine membrane was subsequently annealed at 
different temperatures in order to further promote the chemical conversion.  
 
Figure 6.1. XPS N1s spectra of the surfaces of (a) TFM, (b) TFM200, (c) TFM300, 
(d) TFM350, (e) TFM400 and (f) TFM500 membranes.  
 
Prior to thermal annealing, the thermal properties of the pristine TFM membrane need 
to be studied by TGA and DSC. The TGA curve presented in Figure 6.2 (a) reflects its 
thermal decomposition behavior. It suggests that the as-synthesized polymer has a 










cycle curves by DSC to estimate the reaction temperature of the pristine TFM 
membrane. The first heating curve shows a broad endothermic peak over the 
temperature range from 300 to 450 ºC while the second heating curve do not have any 
obvious heat flow change. Figure 6.2 (c) shows the heating-cooling curves of the 
BPDC monomer. It appears that the heating curve exhibits a melting peak at about 
240 ºC followed by a decomposition peak at about 420 ºC. By comparing the curves 
from both, we can conclude that there are no monomer residuals in the resultant TFM 
membranes since there is no endothermic melting peak observed in the first heating 
curve for a TFM membrane.  
 
Figure 6.2. (a) TGA curve and (b) DSC curves of the pristine TFM membrane; and (c) 
DSC curves of the BPDC monomer.  
 
One can also observe from the first heating curve in Figure 6.2 (b) that the glass 
transition behavior of the polymer occurs at around 280 ºC, but can not be identified 
in the second scan. We speculate that the cyclization reaction happened during the 
















































disappearance of glass transition in the second heating curve. Additionally, the broad 
endothermic peak over the temperature range from 300 to 450 ºC could be ascribed to 
the thermally-induced cyclization reaction among the nitrile pendants. Based on the 
TGA and DSC results, the annealing temperature was chosen to be at least 100 ºC 
lower than the decomposition temperature, so as to prevent the interference of partial 
decomposition. Five temperatures, i.e., 200, 300, 350, 400 and 500 ºC, were selected 
to anneal the pristine TFM membrane. Accordingly, the annealed membranes were 
referred as TFM200, TFM300, TFM350, TFM400 and TFM500, to be distinguished 
from the pristine membrane which was marked as TFM in the following discussion. 
The evolution of chemical constitution and physical architecture were evaluated as a 
function of annealing temperature.  
 
Table 6.1. The percentages of nitrile and aromatic triazine groups in the TFM 


















398.9 77.4 79.0 79.6 92.3 93.4 93.3 
–C≡N  400.3 22.6 21.0 20.4 7.7 6.6 6.7 
 
As expected, XPS results in Figure 6.1 indicate that the relative intensity of nitrile 
peak is significantly reduced as the annealing temperature increases. Table 6.1 
tabulates the respective mole percentage of the nitrile groups and the aromatic triazine 
groups in the TFM membranes. Consistent with the DSC results, there is a dramatic 
reduction in nitrile groups at the annealing temperature of 350 ºC, which means that 
there may be a critical temperature between 300 and 350 ºC for the thermally-induced 
chemical conversion. The cyclization of nitrile groups at high temperatures, generally 
above 300 ºC, was also reported in literatures [15-19]. 
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6.3.2 Microstructure evolution of the TFM membranes 
The microstructure of the TFM membranes plays a critical role in prediction of the 
liquid separation performance. In order to elucidate the microstructure evolution, 
positron annihilation spectroscopy (PALS) was employed to characterize the free 
volume cavity size and its distribution in the TFM membranes. This method provides 
the information of free volume by correlating to the annihilation lifetime of the so-
called positronium, a bound state of a positron and an electron. The positronium could 
be preferentially localized in the cavities of the material since the electron density in 
these cavity sites is minimal [20]. Therefore, annihilation of positroniums could be 
directly associated with the size of the free volume cavity.  
 
The PALS spectra were best resolved into four lifetime components using a PATFIT 
program. Para-positronium (p-Ps) lifetime, τ1, was fixed to 0.125 ns. Free positron 
lifetime, τ2, and two ortho-positronium (o-Ps) lifetimes, τ3 and τ4, with their respective 
intensity, I3 and I4 were simulated. The o-Ps lifetimes, derived from the so-called 
pick-off annihilation with electrons in molecules, were commonly associated with the 
mean radii Rn (Å to nm) of the free volume elements based on a semiempirical 
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  (6.1) 
where n is 3 or 4 while R0 is the infinite spherical potential radius that is equal to Rn + 
ΔR with ΔR as a homogeneous electron layer in the infinite potential barrier (= 1.66 
Å). The relative fractional free volume (FFV) is calculated based on the 







FFV I R   (6.2) 
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where n is 3 or 4 and I is the lifetime intensity. FFV derived from τ3 and I3 is referred 
as FFV3 and the other one as FFV4. The fitting results are as listed in Table 6.2. It 
appears that the o-Ps lifetimes, τ3 and τ4, exhibit significant declines to minimums as 
the annealing temperature goes up to 350 ºC. Surprisingly, the pristine TFM 
membrane exhibits a small fraction of unusually long o-Ps lifetime τ4 at 6.71 ns with 
an intensity of 2.09%. The intensity I4 presents a regular uptrend, while I3 shows a 
slightly decline. 
 

































 TFM                                                                      2.00 0.05  13.30 0.17 6.71  0.36  2.09  0.17  1.01 
 TFM200                                                                   1.93 0.04  10.80 0.15 5.73  0.36  2.35  0.30  1.11 
 TFM300                                                                   1.74 0.13  11.30 1.19 3.37  0.25  5.54  1.45  1.04 
 TFM350                                                                   1.54 0.13  9.03 0.78 3.25  0.16  6.67  1.05  1.02 
 TFM400                                                                   1.56 0.12  9.79 0.93 3.45  0.10  11.01  1.00  1.07 
 TFM500                                                                   1.62 0.14  9.99 0.74 3.40  0.11  12.05  1.23  1.00 
 
The mean radii of free volume cavities and FFVs in the pristine and thermally 
annealed TFM membranes are shown in Figure 6.3. All the TFM membranes possess 
two free volume elements and FFVs. As presented in Figure 6.3 (a), both radii of free 
volume cavities show similar trends to their corresponding o-Ps lifetime components, 
τ3 and τ4. The pristine TFM membrane has the largest free volume elements. 
Particularly, R4, derived from τ4, is as large as 5.5 Å, indicating that there are probably 
some defects or voids created during the film formation. After thermal annealing, R4 
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decreases rapidly with an increase of annealing temperature to a minimum and then 
turns to a plateau from the TFM300 membrane onwards. The smaller free volume 
element, R3, derived from τ3, shows a similar trend. The declines of R3 and R4 from 
the pristine TFM to the TFM300 membrane are probably due to structural relaxation 
and repacking of polymer nodules at high temperatures. Tsujita [25] revealed that the 
molecular chains in amorphous glassy polymers tend to relax toward an equilibrium 
state, which results in a higher chain packing density. Sub-Tg annealing is most likely 
to accelerate this transition from a non-equilibrium state to an equilibrium state [25-
28]. Considering the Tg of the pristine TFM membrane of 280 ºC, thermal annealing 
at 200 and 300 ºC would densify the film microstructure and reduce the free volume 
sizes. Especially, the large voids in the pristine TFM membrane have been 
dramatically suppressed when the temperature goes up to 300 ºC.  
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Figure 6.3 (b) presents the FFV trends of the TFM membranes. The FFV4 derived 
from the larger o-Ps lifetime component displays a minimum trend, while the FFV3 
monotonically decreases. As expected, the declines of FFV3 and FFV4 in TFM 200 
and TFM300 membranes result from the robust structural relaxation and chain 
repacking at sub-Tg annealing temperatures as mentioned earlier. However, FFV4 
shows a significant increase when the annealing temperature exceeds 300 ºC. In order 
to understand this trend, two factors, thermal history and thermally-induced 
cyclization reaction, are considered. It has been reported [25] that thermal history 
could significantly affect the structure of glassy polymers. Glass formation from the 
rubbery state under different cooling strategies may lead to different microstructures 
[25, 29, 30]. In this regard, a sudden quenching may freeze more microvoids in the 
glassy polymer. Another important consideration is the thermally-induced cyclization 
reaction. During film formation, some polymer segments fail to form a cross-linked 
network due to the incomplete cyclotrimerization reaction. According to the DSC and 
XPS results, the polymer segments with pendent nitrile groups are interlinked to form 
a more rigid structure when annealed above Tg. This high temperature reaction could 
stabilize the frozen microvoids created from quenching effect. Therefore, the resultant 
TFM membrane presents an increased FFV4 with annealing temperature. Similar 
observations are reported in several literatures [28, 31-34]. In addition, we notice that, 
in Figure 6.3 (a), R4 does not show much change from TFM350 to TFM500, other 
than an insignificant increase. This may imply that the thermal annealing has 
produced a larger number of free volume cavities with the same specific volume size 




In contrast to a down-and-up trend of FFV4, the FFV3 exhibits a monotonically 
decreasing trend. Obviously, this kind of free volume is not affected by the thermal 
cyclization or thermal history as aforementioned. Therefore, it is speculated that the 
smaller free volume element represents the microvoids in the hypercrosslinked 
regions of the pristine TFM membrane. These regions have already formed a tight 
polymer network during film formation and hence, the chain movement in these 
regions is insignificant, except for mild chain relaxation. Thus, both the free volume 
concentration, FFV3, and free volume size, R3, are gradually minimized as a function 
of annealing temperature. As a consequence, the total FFV, a combination of the two 
free volume elements, displays a minimum trend at TFM350. 
 
The PALS spectra were deconvoluted by another program, MELT, which is based on 
the continuous decay function, to fully understand the evolution of thermally-induced 
free volume elements. The continuous distributions of the free volume sizes were 
depicted in Figure 6.4. Generally, the results from MELT are in good accordance with 
those from PATFIT. As expected, the pristine TFM membrane has a major peak 
centered at around 1.8 ns (corresponding to a radius of 2.5 Å) as well as a minor 
broad peak over the range of 3.5-7.5 ns as shown in the inset. The minor peak 
migrates to a smaller value in the TFM200 membrane and completely merges with the 
major peak in the TFM300 membrane. From TFM350 to TFM500 membranes, there 
is a shoulder peak gradually arising over the range from 2.5 to 4 ns, indicating the 
formation of a new type of free volume cavity. This new free volume cavity is 
probably stemmed from the uncrosslinked regions of the pristine TFM membrane. 
After thermally annealed above Tg, these regions went through a transition from the 
glassy to rubbery state and subsequently, the larger free volume component in the 
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rubbery state was frozen via quenching and thermal cyclization as aforementioned. 
Therefore, the emergence of the larger free volume cavity is due to the synergetic 
effect of quenching and thermal cyclization. Especially, the TFM400 and TFM500 
membranes display a bimodal distribution in contrast to the unimodal distribution of 
the TFM350 membrane.  
 
Figure 6.4. Free volume size distributions of the TFM membranes.  
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The bimodal distribution of free volume has been observed in many ultra-permeable 
materials, e.g., poly[1-(trimethylsilyl)propine] (PTMSP) [35], hyper-branched 
polyacetylene [36] and thermal rearranged polymers [32, 37], etc. This interesting 
phenomenon has been interpreted as large cavities in the polymer interconnected by 
smaller channels [36, 38]. In contrast, however, the formation of bimodal distribution 
in Figure 6.4 is due to the simultaneous post-cyclization and quenching effects. The 
bimodal distribution may provide a synergetic microstructure that not only accelerates 
mass transport in the membrane but also improves the size-screening property for 
separation applications. 
6.3.3 Liquid separation performance  
Separation performance of the TFM membranes was evaluated by dehydrating an 85 
wt% ethanol aqueous solution via pervaporation at 45 ºC. Figure 6.5 presents the 
experimental results in terms of permeability and water/ethanol selectivity. The 
pristine TFM membrane exhibits very high permeability for water and ethanol but a 
low selectivity. This may be attributed to the effect of severe swelling during 
experiments. A digital image in Figure 6.5 shows a swollen membrane sample after 
the pervaporation test. The swelling probably results from the incomplete chemical 
conversion. Based on the XPS results, a high proportion of residual nitrile pendants 
resulting from the low degree of crosslinking reaction may become the wide-open 
sites to the feed-induced swelling. Another contribution to the high permeability and 
low selectivity is the large defects in the TFM membrane as shown in Figure 6.3. 





Figure 6.5. Permeability and selectivity of the TFM membranes for separation of 
ethanol/water mixture (Inset is a digital image of a swollen TFM membrane after the 
pervaporation test).  
 
After annealing, both water and ethanol permeability shows an abidingly decreasing 
trend from TFM to TFM350 while the water/ethanol selectivity increases dramatically. 
This is due to the decline of both free volume sizes and FFVs. Especially, the 
cyclization reaction largely happens at 350 ºC so that the swelling is further 
suppressed. Higher annealing temperature at 400 and 500 ºC may not facilitate further 
chemical conversion, but produces higher FFV4 and slightly larger free volume sizes, 
which is responsible for the increasing trend for permeability and decreasing trend for 
selectivity. Particularly, the TFM350 membrane presents the best separation 
performance for dehydration of ethanol. Table 6.3 summarizes the pervaporation 
performance of various polymeric membranes for comparison.[39-44] Although the 
membranes are studied at diverse temperatures, it still can be generally concluded that 
the water permeability of the thermally-annealed TFM membranes is superior to most 
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permeability is probably attributed to their hypercrosslinked network with well-tuned 
free volume cavities. 
 






















90 60 1.136 417 [39] 
Poly (vinyl alcohol) 
(crosslinked by 
dimethylolurea) 




90 50 0.283 554 [41] 
Polyphenylsulfone 85 35 0.042 348 [42] 
PMDA–ODA 
Polyimide 
88.9 45 0.092 452 [43] 
Thermally rearranged 
polybenzoxazole 
90 25 1.254 186 [44]  




6.3.4  Sorption analyses 
Single vapor sorption was carried out to analyze the sorption and transport properties 
of water and ethanol vapor in the TFM membranes. Figure 6.6 (a) and (b) shows the 
kinetic sorption curves of water and ethanol saturated vapor in TFM membranes, 
respectively. In this figure, the normalized mass uptake at time t (Mt/M∞) is presented 
as a function of square root of t. As shown in Figure 6.6, the non-linear segment in 
each sorption curve at first few minutes is ascribed to the instability of vapor pressure 
in the chamber. In other words, it takes few minutes for the pressure increasing from 
vacuum to the target pressure [45]. Thus, the initial segment is omitted when 




Figure 6.6. Kinetic sorption curves of (a) ethanol and (b) water saturated vapor in 
TFM membranes at 45 ºC.  
 
The diffusion coefficient (D) of the penetrant in polymeric materials can be 






   (6.3) 
where Mt and M∞ are the vapor mass uptake at time t and at sorption equilibrium, 
respectively. l is the membrane thickness. The Fickian diffusion coefficient can be 
determined from the slope of a plot of Mt/M∞ vs. the square root of t. The fitting 













































Figure 6.7. Water vapor sorption fitting curves for the TFM membranes.  
 
 














































































































































On the other hand, the mass uptake was calculated as the ratio of M∞ to the mass of 






   (6.4) 
The mass uptakes of water and ethanol in the membrane samples are depicted in 
Figure 6.9 (a). The pristine TFM membrane exhibits an equilibrium mass uptake of 
160 mg ethanol/g polymer sample, yet 25 mg/g for water uptake. Moreover, the 
ethanol uptake shows a steep decline to a minimum at TFM350, while the water 
uptake remains almost the same, except for a slightly increase. These facts reveal that 
the membrane swelling during the pervaporation test is probably induced by ethanol 
component; the membranes exhibit a preferential affinity to ethanol molecules. The 
swelling issue is gradually suppressed with the formation of a crosslinked network as 
described earlier. Both water and ethanol uptakes exhibit a slightly increase from 
TFM350 to TFM500 resulting from an increase of the larger free volume 




Figure 6.9. (a) Mass uptakes and (b) diffusion coefficients and diffusivity selectivity 
of the TFM membranes derived from the saturated vapor sorption experiments.  
 
Figure 6.9 (b) displays the calculated diffusion coefficients as a function of annealing 
temperature. The TFM membranes possess high water and ethanol diffusivity 
compared to some developed polymeric membranes [27, 48, 49]. The high diffusion 
coefficient of the pristine TFM membrane is a result of its relatively flexible polymer 
chains due to the low degree of chemical conversion. As a result, its high diffusivity 
and sorption capacity agree well with its pervaporation performance. The water 
diffusion coefficient shows a slight minimum trend at the TFM200 membrane. 
Similarly, the ethanol diffusion coefficient sharply decreases to a minimum at the 
TFM350 membrane and then slightly increases. These trends agree well with the 

















































































temperature in Figure 6.3, suggesting that the mass transport in the TFM membranes 
follows the solution-diffusion mechanism. 
 
Based on the free volume theory, the correlation of the diffusion coefficient, D, and 
the fractional free volume, FFV, can be correlated as follows [50, 51]: 







  (6.5) 
where a and b are constant for penetrant i. The constant b is positively correlated to 
the penetrant size. The diffusivity selectivity (SD) of a binary system can be therefore 











  (6.6) 
where i and j represent the smaller penetrant and larger penetrant, respectively. The 
equation indicates that membrane materials with a higher FFV tend to possess smaller 
diffusivity selectivity. The diffusivity selectivity in Figure 6.9 (b) has an exactly 
almost opposite trend to the total FFV in Figure 6.3, which is in a good agreement 
with the free volume theory. Therefore, one can conclude that size discrimination is 
dominant in this separation process. In addition, the diffusivity selectivity trend as a 
function of annealing temperature shows a remarkable resemblance to that of the 
membrane permselectivity (Figure 6.5). One can conclude that the diffusivity 
selectivity makes a major contribution to the permselectivity of the TFM membranes 
for ethanol dehydration.   
6.4 Conclusions 
In this work, the TFM polymer has been successfully synthesized using a strong 
Brønsted acid to catalyze the cyclotrimerization reaction at mild conditions. The as-
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synthesized polymer exhibits a microporous structure with high thermal stability up to 
600 ºC. The TFM dense membrane is in-situ fabricated and designed for 
pervaporation application. By thermally annealed at different protocols, the TFM 
membranes present versatile structure transformations, resulting in free volume size 
evolution from a unmodal distribution to a bimodal distribution. Vapor sorption 
reveals that the change of the diffusition coefficient shows a good agreement with the 
FFV trends. By adjusting the annealing protocols, the bimodal distribution of the free 
volume enables the membrane to achieve a high water permeability of 75,600 Barrer 
and a water/ethanol selectivity of 101 for dehydration of an 85 wt% ethanol aqueous 
solution at 45 ºC. The separation performance reveals that the triazine-based 
frameworks may be a group of promising materials for membrane-based separation, 
provided that the free volume is carefully tailored by either design of monomer strut 
length and geometry or post tailoring of the microstructure.  
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CHAPTER 7: NANOMETRIC THIN SKINNED DUAL-LAYER 
HOLLOW FIBER MEMBRANE FOR 













This chapter is published in the following article 
Y.P. Tang, N. Widjojo, T.S. Chung, M. Weber, C. Maletzko, Nanometric thin skinned 
dual-layer hollow fiber membranes for dehydration of isopropanol, AICHE Journal, 
2013, 59(8): 2943–2956.  
153 
 
7.1 Motivations and objectives 
Dual-layer polymeric hollow fiber spinning technique provides a useful platform for 
economically design and fabrication of high performance membranes [1]. By using 
one-step co-extrusion process, the dual-layer hollow fiber synergistically combines 
the strengths of both single-layer hollow fiber and composite membrane. However, as 
unveiled in Chapter 2, the formation of an ultra-thin yet defect-free skin layer on 
hollow fiber membranes is very challenging. But it is the key to high productivity of a 
dual-layer hollow fiber.  
 
To date, except limited cases, the separation performance of most reported polymeric 
dual-layer hollow fiber membranes are still not comparable to that of inorganic 
membranes [2-6]. In order to break the deadlock, the objectives of this work are 1) to 
elucidate the fundamental science on how to molecularly design dual-layer hollow 
fiber membranes with a nanometric thin skin layer for IPA dehydration and 2) to 
identify key processing factors for the fabrication of dual-layer hollow fiber 
membranes with high productivity and separation efficiency. Polyphenylsulfone 
(PPSU) and sPPSU polymers were chosen as the inner- and outer-layer materials, 
respectively because PPSU possesses outstanding anti-swelling property and sPPSU 
shows a high intrinsic selectivity for IPA dehydration. Concurrently, a 50/50 (wt/wt) 
sPPSU/PPSU blend was also explored as the outer layer materials to enhance its anti-
swelling property. In addition, correlations among the results from field emission 
scanning electron microscopy (FESEM), positron annihilation spectroscopy (PAS) 
and separation performance were systematically studied in order to discover 




The nascent sPPSU/PPSU dual-layer hollow fiber membranes were spun via the co-
extrution technique using a triple-orifice spinneret. Details of the procedures are 
elaborated in Chapter 3. Table 7.1 gives their identification number (ID) and their 
corresponding preparation conditions. In order to densify the selective skin layer and 
improve their separation performance, the membrane samples are thermally treated in 
vacuum oven at 150 ºC for 2 h. 
 
All the membrane samples were characterized by FESEM for their morphology 
observations. Slow beam positron system was also employed to study the surface 
perfectness and structural evolution. When the S and R curves were fitted by VEPFIT 
software, the polymer density was employed as the density of the dense skin layer, 
while the density was progressively reduced by 0.3 for the transition layer and porous 
support layer based on our experience because the porosity was gradually enhanced. 
Finally, the separation performance of the membranes was evaluated by a laboratory 
scale pervaporation system. An aqueous IPA solution with a water concentration of 
about 15 wt% was used as the feed solution and the operational temperature was 50 ℃. 
The feed circulation rate was kept at 0.5 L/min for each module. The procedures for 









Table 7.1. Fibers‘ID and their corresponding spinning conditions. 
 
7.3 Results and discussion 
7.3.1 Morphology study of the as-spun dual-layer hollow fiber membranes  
Figure 7.1 represents a typical SEM morphology of the dual-layer hollow fiber 
membrane (ID: s/PPSU-32-10-#1). The cross section images show a porous finger-
like structure at the inner layer and an asymmetric structure at the outer layer, which 
are desirable for the pervaporation process. The finger-like structure of the inner layer 
does not contribute substantial transport resistance and thus promote the permeation 
flux. The asymmetric structure of the outer layer consists of a dense outer edge and a 
sponge-like porous inner edge. In other words, the dual-layer hollow fiber membrane 
visually presents a three layer structure, i.e., a dense skin layer, a sponge-like porous 
layer and a finger-like porous layer. Surface and interface morphology were further 
examined to evaluate their potential for pervaporation. As shown in Figure 7.1, a 
dense outer surface can be observed at a high magnification (×100,000), which is a 
prerequisite for achieving high separation efficiency in the pervaporation process. The 
inner surface is fully porous due to the delayed demixing process. The interface, 
Fiber series
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sPPSU-32-10 sPPSU 32 10℃ 0.1 sPPSU-32-10-#1
PPSU-32-10 PPSU 32 10℃ 0.1 PPSU-32-10-#1
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including both the outer layer‘s inner surface and the inner layer‘s outer surface, also 
displays a micro-porous structure, which is in favor of high productivity.  
 
Figure 7.1. Morphology of a representative sPPSU/PPSU based dual-layer hollow 
fiber membrane (ID: s/PPSU-32-10-#1). 
 
The interfacial morphology is a unique feature in dual-layer hollow fiber membranes. 
A seamless interface is favorable in terms of fiber integrity which is to the benefit of 
anti-swelling property and mechanical stability. It mainly depends on the miscibility 
and concentration difference of inner and outer layer dopes. If the polymers, solvents, 
and additives used in both dopes are thermodynamically compatible, mutual diffusion 
may occur during phase inversion because of chemical potential differences, thus a 
seamless interface would be obtained. In addition, spinning parameters, such as dope 
flow ratio, air gap etc., may also affect the interfacial morphology. The interfacial 
morphology of s/PPSU-32-10-#1 in Figure 7.1 indicates that no obvious delamination 
Inner layer’s 
outer surface
Scale bar 1 μm
Outer layer’s 
inner surface
Scale bar 1 μm
Outer surface
Scale bar 100 nm
Inner surface
Scale bar 100 μm
Scale bar 1 μmScale bar 10 μmScale bar 100 μm
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can be observed at the interface but a boundary between them can be clearly 
recognized. The non-delaminated interface is attributed to the good compatibility 
between PPSU and sPPSU because they comprise the same main-chain structure that 
promotes mutual diffusion between these two layers. However, two other factors may 
retard the mutual diffusion: (1) the ethylene glycol additive in the inner layer because 
it may reduce their compatibility and (2) the difference in shrinkage rate between 
these two layers due to a large difference in dope concentration. 
7.3.2 Pervaporation performance for IPA dehydration 
7.3.2.1 Effect of outer-layer dope concentration  
The physical and chemical properties of the outer-layer polymer dope play an 
important role to obtain dual-layer hollow fiber membranes with a favorable structure 
and separation performance for pervaporation. The dope concentration and 
composition of the outer layer will not only determine the quality of the dense-
selective layer, but also affect the overall membrane integrity. A polymer 
concentration equal or higher than the critical concentration was normally selected to 
form a dense-selective skin for separations following the solution-diffusion 
mechanism [7-12]. This is due to the fact that a polymer dope at the critical polymer 
concentration or above shows a significant degree of chain entanglement that would 
produce hollow fibers with minimum defects [13]. 
 
Based on viscosity curves in Figure 3.5, dope concentrations of 30 and 32 wt% were 
chosen to investigate the effect of dope concentration. Table 7.2 tabulates the 
pervaporation performance of fiber s/PPSU-30-AT-#1 and s/PPSU-32-AT-#1. It can 
be observed that the flux drops significantly from 4.83 kg/m
2
h to 3.80 kg/m
2
h while 
the separation factor slightly increases as the outer layer dope concentration increases 
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by 2 wt%. Comparing to the separation performance of our previous work [14], one 
may notice that both dense-selective layers are not defect-free probably due to the 
slow phase inversion process. In addition, the flux was significantly sacrificed by 
increasing dope concentration, indicating that it may not be preferable to improve 
separation factor by further increasing dope concentration. Efforts should be taken to 
overcome this trade-off among flux, separation factor and dope concentration by 
adjusting other spinning parameters.  
 
Table 7.2. Pervaporation performance of sPPSU/PPSU based hollow fiber membranes 


















30 14.27 4.83 91.59 65.37 
s/PPSU-32-AT-
#1 
32 14.44 3.80 92.89 77.45 
 
7.3.2.2 Effect of coagulation temperature 
The use of hydrophilic materials such as sPPSU polymer is highly desirable to 
facilitate water transport across the membrane. However, hydrophilic materials 
typically induce delayed demixing and results in a less perfect skin layer with a low 
separation factor. Therefore, it is necessary to tailor the spinning parameters to 
overcome this problem. One of the ways to accelerate the demixing process is to 
lower coagulation temperature during spinning because it may provide the following 
effects
 
[15-17]: 1) changing the basic phase diagram, 2) inducing vigorous skin 
formation, and 3) expediting the precipitation of the outer surface during phase 
inversion. A new batch of dual-layer hollow fiber membranes comprising a 50/50 
159 
 
(wt/wt) sPPSU/PPSU in the outer layer dope was therefore spun at a coagulation 
temperature of 10 ℃ (ID: s/PPSU-32-10 series). Table 7.3 displays its separation 
performance. As can be observed, s/PPSU-32-10-#1 shows a slightly lower flux but a 
double separation factor compared to that spun at ambient temperature (ID: s/PPSU-
32-AT-#1).  Clearly, decreasing coagulation temperature may be a more effective and 
direct way than increasing dope concentration to spin hydrophilic polymers with 
improved separation factor but without much sacrificing flux.   
 
Table 7.3. Pervaporation performance of sPPSU/PPSU based hollow fiber membranes 


















14.44 3.80 92.89 77.45 
s/PPSU-32-10-#1 10 13.94 3.47 96.19 155.86 
 
Figure 7.2 shows the depth profiles of s/PPSU-32-10-#1 and s/PPSU-32-AT-#1 dual-
layer hollow fiber membranes as a function of incident positron energy by PAS. The 
Doppler-broadened line-width in DBES spectra are typically described by two 
parameters: S and R parameter [18, 19]. S parameter, derived from 2γ annihilation in 
DBES spectra, measures the free volumes with a size less than 1 nm [18]. There are 
three main factors contributing to the S parameter in polymers: 1) free-volume content 
(based on para-Positronium (p-Ps) annihilation), 2) free-volume size (based on the 
uncertainty principle), and 3) chemical composition. R parameter measures the 
relative amount of 3γ annihilation which could be contributed from o-Ps in vacuum or 





Figure 7.2.  S and R parameters for the sPPSU/PPSU based hollow fiber membranes 
spun at different coagulation temperature as a function of incident positron energy (or 
mean depth). 
 
As shown in Figure 7.2 (a), the S parameter near the top membrane surface increases 
rapidly to a maximum and then turns to a plateau with an increase in incident positron 
energy. This is a typical trend for polymeric membranes. The sharp ramp at the low 
positron energy range, which correspond to the membrane surface and near surface, is 
probably attributed to the back diffusion and scattering of positronium [18, 20]. The 
higher S parameter of s/PPSU-32-10-#1 at the plateau indicates either a larger free 
volume size or a higher free volume content in the dense skin layer of s/PPSU-32-10-
#1 compared with s/PPSU-32-AT-#1. As a consequence, it can be deduced that the 
dense-selective skin of s/PPSU-32-10-#1 has a looser structure at molecular level and 
a higher intrinsic permeability than that of s/PPSU-32-AT-#1. This phenomenon is 
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resulted from rapid quench and slow chain rearrangement at low coagulation 
temperature which usually leads to a low density of chain packing.  
 
The R parameter in Figure 7.2 (b) shows a drastically descending trend from the outer 
membrane surface and then reaches a peak valley which is identified as the dense skin 
layer. The sharp decrease of R parameter near the membrane surface may be also due 
to the back diffusion of positronium [18, 20]. Figure 7.2 (c) is an enlargement of R 
parameter at the positron energy range of 0–4.5 KeV. The following facts can be 
observed: (1) s/PPSU-32-10-#1 shows a lower R parameter at the peak valley than 
s/PPSU-32-AT-#1, indicating the former has a less defective skin layer and a slightly 
tighter substructure just beneath the dense layer than the latter because R parameter 
reflects the existence of big pores with sizes from nanometer to micrometer. (2) The 
width of the peak valley of s/PPSU-32-10-#1 is larger than that of s/PPSU-32-AT-#1, 
implying that s/PPSU-32-10-#1 has a thicker skin layer due to a rapider coagulation at 
a lower temperature. By fitting the R parameter curves with the aid of VEPFIT 
software, the thicknesses of the dense skin layer for s/PPSU-32-10-#1 and s/PPSU-32-
AT-#1 are about 35 and 15 nm, respectively. 
 
Both results from S and R parameters are consistent with the pervaporation 
performance shown in Table 7.3. The existence of a thicker dense skin layer with less 
defective pores in s/PPSU-32-10-#1 is the major driving force for the remarkable 
increment in separation factor. On the other hand, the relatively higher intrinsic 
permeability in the dense skin layer of s/PPSU-32-10-#1 provides a persistently high 
flux. As a result, even though the dense-layer thickness increases from 15 to 35 nm 
and there is a slightly tighter substructure just beneath the dense layer when lowering 
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the coagulation temperature from ambient temperature to 10 C, only a minor flux 
decline is observed. The flux data also imply that the slightly tighter substructure just 
beneath the dense layer did not play an important role.   
7.3.2.3 Effect of outer-layer dope composition   
In addition to spinning s/PPSU-32-10 series of fibers that consist of 50/50 (wt/wt) 
sPPSU/PPSU in the outer layer as described in the previous section, we have spun 
two more batches of fibers with PPSU (ID: PPSU-32-10-#1) and sPPSU (ID: sPPSU-
32-10-#1) as the outer layer, respectively, at 10 C to study the effects of the outer-
layer dope composition on IPA dehydration. Figure 7.3 compares their separation 
performance. The separation factor follows an up-and-down trend while flux goes the 
opposite way as the hydrophilic sPPSU component increase in the outer layer.  
 
Figure 7.3. Pervaporation performance of sPPSU/PPSU based hollow fiber 
membranes spun with different outer layer polymer compositions and their 
corresponding dope viscosity and shear stress at the outer edge. 
 
In our previous work [14], both flux and separation factor of dense flat membranes 
showed an uptrend as the degree of sulfonation increases. Apparently, separation 
performance of the hollow fiber membranes is not only a function of 
hydrophilicity/hydrophobicity of the dense-selective layer but also its perfectness. The 
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namely, demixing rate and dope rheology. Since the demixing process of sPPSU is 
slow because of its hydrophilic nature, membrane spun from 100% sPPSU tends to 
have a loose dense skin. As a result, sPPSU-32-10-#1 fiber shows a high flux but an 
average separation factor. Apparently, s/PPSU-32-10-#1 fiber consisting of 50/50 
sPPSU/PPSU in the outer layer has balanced hydrophilicity and demixing rate, thus a 
tight dense-selective skin is formed with a higher separation factor but a slightly 
lower flux.  
 
Secondly, the dope rheology including viscosity, shear and elongational stresses 
during spinning may also play a critical role on the quality of the dense-selective layer. 
The dope solution experiences various stresses and relaxation when extruding through 
an annulus spinneret. For free fall spinning, these stresses may induce molecular 
orientation within the spinneret and relaxation such as die swell after exiting from the 
spinneret. As a result, they affect fiber‘s micro-morphology, separation efficiency and 
productivity. Since dope viscosity and shear stress within the spinneret increase with 
an increase in sPPSU content as shown in Figure 7.3 and a high shear stress tends to 
induce a thicker or higher oriented skin layer [21-23]. s/PPSU-32-10-#1 and sPPSU-
32-10-#1 have higher separation factors than PPSU-32-10-#1. In addition, as shown 
in Table 3.1, dopes made from both sPPSU-32-10-#1 and s/PPSU-32-10-#1 display 
non-Newtonian fluid behavior, while the former has a higher viscosity than the latter. 
As a result, the former has a severer die swell than the latter. The die swell may 
interrupt the existing molecular orientation, induce micro-defects in the dense-layer 
layer, and lower the separation performance of sPPSU-32-10-#1. Therefore, the 
separation factor shows an up-and-down trend with sPPSU content in the outer layer. 
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7.3.2.4 Effect of outer-layer dope flow rate 
Figure 7.4 shows the pervaporation performance of s/PPSU-32-10 series of hollow 
fiber membranes as a function of outer layer dope flow rate from 0.1 to 0.7 ml/min. 
The flux increases slightly and then drops continuously, while the separation factor 
declines rapidly and then increases slowly. Figure 7.5 displays the evolution of cross 
section morphologies. The delamination phenomenon apparently occurs when the 
outer layer dope flow rate increases from 0.1 to 0.2 and 0.3 ml/min (ID: s/PPSU-32-
10-#2 and #3) but it gradually disappears when the outer-layer dope flow rate further 
increases to 0.4 and 0.5 ml/min (ID: s/PPSU-32-10-#4 and #5). These interesting 
phenomena are consistent with our hypotheses on the effect of die swell in the 
previous section.  
 
Figure 7.4. Pervaporation performance of s/PPSU-32-10 series hollow fiber 
















































Figure 7.5. Cross-section morphology of s/PPSU-32-10 series hollow fiber 
membranes. 
 
As illustrated in Figure 7.6, there are four regions during hollow fiber spinning [24]: 
(1) shear flow region within the spinneret, (2) die swell region for flow rearrangement, 
(3) drawing and (4) solidification regions. During die swell, the shear oriented 
polymer chains relax and rearrange back to a random coil structure. As a result, the 
outer layer dope expands outward and also possibly inward into the inner-layer dope 
depending on (1) the degree of die swelling, (2) the compatibility of the two dopes 
and (3) the speed of phase inversion. When the outer-layer dope flow rate is low (i.e., 
0.1 ml/min), the phase inversion of this layer is fast that may minimize die swell so 
that both chain relaxation and inward diffusion occur hardly. Thus, the resultant 
membrane (ID: s/PPSU-32-10-#1) has the highest separation factor and a clear 
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severer die swell occurs that not only destroys or rearranges the existing skin 
orientation but also induces delamination from the inner layer. Consequently, the 
separation factors of s/PPSU-32-10-#2 and #3 drop rapidly due to defects formation 
or reduced chain orientation. If we further increase the outer-layer dope flow rate, it 
would delay the phase inversion, enhance mutual diffusion between the inner and 
outer layers, and thus form an almost seamless interface as shown for the s/PPSU-32-
10-#5 fiber in Figure 7.5 at a high magnification. On the other hand, macrovoids in 
the outer layer gradually appear with increasing outer-layer dope flow rate. This is 
probably due to the fact that a thicker un-oriented outer layer is more vulnerable to the 
intrusion of the external coagulant [25]. 
 
Figure 7.6. Hollow fiber spinning regions from Su et al‘s work [24].  
 
To confirm our hypotheses, s/PPSU-32-10-#1, #2 and #5 samples were selected to be 
analyzed by PAS since s/PPSU-32-10-#2 and #3 show comparable morphology and 
performance, so do s/PPSU-32-1-#4 and #5. Based on the depth profiles of S and R 
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parameters, Figure 7.7 reveals that the dense layer thickness and the degree of 
densification follow the order of s/PPSU-32-10-#1> s/PPSU-32-10-#5> s/PPSU-32-
10-#2. In other words, s/PPSU-32-10-#1 has a thick and more perfect dense layer; 
s/PPSU-32-10-#5 has a medium thick and less perfect dense layer, while s/PPSU-32-
10-#2 has a thin and more defective dense layer. Interestingly, these PAS results are 
well coherent with the trend of separation factor as shown in Figure 7.4.   
 
Figure 7.7. S and R parameters for sPPSU/PPSU based hollow fiber membranes spun 
with different outer layer dope flow rate (ID: s/PPSU-32-10-#1, #2 and #5) as a 
function of incident positron energy (or mean depth). 
 
7.3.3 Post thermal treatment of dual-layer hollow fiber membranes 
Annealing has been frequently used to improve the separation efficiency of hollow 
fiber membranes. Usually, annealing can (1) promote thermal motion and release 
residual stresses of polymer chains, (2) repack polymer nodules, (3) densify skin layer 
and (4) eliminate micro-defects [7, 9-11, 17, 26, 27]. As a result, the thermally treated 
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membrane may have a smaller free volume and a higher substructure resistance. 
Figure 7.8 shows the effects of thermal treatment at 150 ℃ for 2 h on separation 
performance of s/PPSU-32-10-#1 dual-layer hollow fiber membranes. As expected, 
flux decreases while separation factor dramatically increases after thermal treatment. 
Figure 7.9 compares the cross-section morphology of s/PPSU-32-10-#1 membrane 
before and after thermal treatment. At a low magnification of 20,000, the cross-
sections do not differ much visibly. But they are different from each other at a high 
magnification of 50,000. The thermally annealed fiber shows relatively more packed 
polymer nodules underneath the outer skin layer compared to the pristine fiber.  
 
Figure 7.8. Effects of thermal treatment on separation performance of s/PPSU-32-10-









































Figure 7.9. Cross-section morphology of s/PPSU-32-10-#1 dual-layer hollow fiber 
membrane before and after thermal treatment. 
 
The PAS results shown in Figure 7.10 further confirm the SEM observation and the 
trend of pervaporation performance. Specifically, the S value at the plateau becomes 
smaller after thermal treatment compared to the pristine hollow fiber membrane, 
indicating that the skin layer turns into denser during thermal annealing. The R 
parameter also indicates that the skin layer becomes denser and thicker after thermal 
treatment. The thicknesses of dense skin layers before and after thermal treatment for 
s/PPSU-32-10-#1 fiber are about 35 and 90 nm, respectively. Therefore, the 
separation factor of the annealed fiber was improved significantly with a 
compromised flux. However, the flux did not decline dramatically after thermal 
annealing. This may be attributed to the rearrangement of sulfonate groups in the 
dense-selective layer. Sulfonate groups can form hydrogen bonding with each other 
Scale bar 100 nm Scale bar 100 nm
Scale bar 1 μmScale bar 1 μm
No thermal treatment 150℃ treatment
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and water. During thermal annealing, the hydrophilic sulfonate groups, driven by 
electrostatic interaction, tend to agglomerate and form special channels for water 
transport as proposed by Shao and Huang.
49
 Therefore, the facilitated water 
transportation by sulfonate groups may prevent the flux from dropping significantly. 
 
Figure 7.10. S and R parameters for s/PPSU-32-10-#1 hollow fiber membrane before 
and after thermal treatment as a function of incident positron energy (or mean depth). 
 
7.3.4 Benchmarking on pervaporation performance for IPA dehydration 
Because of importance of IPA recycle, pervaporation dehydration of IPA has been 
studied by various materials. Figure 7.11 shows a graphical comparison of separation 
performance among different membranes [2-7, 9, 12, 17, 26, 28-45]. These 
membranes are all engineered membranes with asymmetric geometry except for the 
mixed matrix membranes which are dense films. 
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Figure 7.11. Graphical representation of the membranes performance for IPA 
dehydration.  
 
As can be observed, inorganic membranes [2-6] have superior pervaporation 
performance to polymeric membranes due to their high thermal stability and anti-
swelling properties. However, inorganic membranes are expensive. Their fragileness 
and poor processability also restrain their broad applications. Mixed matrix 
membranes (MMM) were therefore proposed to cut down fabrication cost and to 
improve processability [28-33], but so far their separation performance is generally 
below the expectation due to chain rigidification and partial pore blockage [33].
 
Polymeric composite membranes fabricated by layer-by-layer assembly (LBL) [34-37] 
and interfacial polymerization (IP) [38-40] techniques are also included for 
comparison. As shown in Figure 7.11, the sPPSU/PPSU based membranes have 
impressive fluxes that are better than most polymeric membranes, surpassing those 































separation factors are reasonably high, comparable to those membranes made by LbL 
and IP, but still inherently poorer than ceramic membranes.  
 
Figure 7.11 also compares the current work with literature data on polymeric hollow 
fiber membranes for IPA dehydration.[7, 9, 12, 17, 26, 41-45]. Since it‘s not easy to 
fabricate a hollow fiber membrane with an ultra-thin and defect-free skin layer and it 
is difficult to overcome the swelling issue, most polymeric hollow fiber membranes 
do not possess both high flux and high separation factor simultaneously as shown in 
Figure 7.11. As a result, the sPPSU/PPSU based dual-layer hollow fiber membranes 
display much better separation performance than most other polymeric hollow fiber 
membranes. Clearly, the remarkable separation properties are attributed to (1) the 
distinctive anti-swelling resistance of the PPSU and sPPSU polymers and (2) 
synergistic combination of these two polymers via molecular engineering of the dual-
layer hollow fiber spinning process.  
7.4 Conclusions 
We have used the PPSU and sPPSU polymers to investigate the fundamental science 
and engineering to design dual-layer hollow fiber membranes with an ultrathin 
selective layer of 15-90 nm for the dehydration of IPA. By manipulating spinning 
conditions and analyzing by FESEM and PAS, the effects of dope composition and 
concentration, coagulation temperature and outer-layer dope flow rate on membrane 
morphology and pervaporation performance have been defined and harmoniously 
correlated. The following conclusions can be drawn from this work: 
(1). The sPPSU/PPSU based dual layer hollow fiber membranes display much 
better separation performance than most other polymeric hollow fiber 
membranes. The best performance of as-spun fibers was obtained from 
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s/PPSU-32-10-#1 which was spun from a 16/16/68 wt% (sPPSU/PPSU/NMP) 
outer layer dope with an outer layer flow rate of 0.1 ml/min and coagulated at 
10 ℃. The fiber has a dense-layer thickness of around 35 nm and shows a flux 
and separation factor of 3.47 kg/m
2
h and 155.9, respectively.  
(2). The superior performance is attributed to the following factors: 1) the 
sulfonate groups of the outer-layer sPPSU polymer facilitate water transport 
across the membrane; 2) the inner-layer PPSU polymer provides anti-swelling 
and operational stability, 3) the non-delamination structure between the inner 
and outer layers strengthens the fiber integrity; 4) the nanometric thin dense-
skin layer reduces mass transport resistance substantially.   
(3). Hydrophilic polymers have a slow phase inversion process. Dense-selective 
skins made of hydrophilic polymers tend to be loose. However, a high dope 
concentration can facilitate chain entanglement, a low coagulation temperature 
can induce a rapid quench, and a thermally annealing can remove defects and 
densify the selective skin. As a result, sPPSU/PPSU dual-layer hollow fibers 
with a much higher separation performance (i.e., a flux of 2.30 kg/m
2
h and a 
separation factor of 686.8) can be formed by adjusting dope concentration, 
decreasing coagulation temperature and thermally annealing at 150 C for 2 h. 
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With the understanding of the limitation on current available membrane materials, the 
exploration of high performance polymeric and inorganic membrane materials has 
been carried out in this PhD study. Three different materials have been tailored for 
dehydration of alcohols: sulfonated polyphenylsulfone (sPPSU), grapheme oxide (GO) 
nanosheet, covalent triazine framework. Besides a fundamental investigation of the 
membrane structure and mass transport behavior of each material, a dual-layer hollow 
fiber with ultra-thin and defect-free skin layer has been fabricated to evaluate the 
pervaporation capacity of the sPPSU polymers. The following conclusions can be 
drawn based on the aforementioned studies.  
8.1.1 Sulfonated Polyphenylsulfone (sPPSU) based membranes 
This work firstly investigated the fundamentals of sPPSU polymers synthesized by 
using direct copolymerization sulfonation method. Flat-sheet dense membranes were 
fabricated using a casting knife. The effects of sulfonation degree and operating 
temperature on separation performance are discussed with respect to separation of 
ethanol/water binary mixture. It was found that both sPPSU and PPSU membranes 
possess excellent thermal and mechanical stability as well as fairly outstanding 
chemical resistance, which are favorable for the pervaporation process. However, 
sPPSU exhibits higher separation performance for ethanol dehydration. This is due to 
the fact that sulfonate groups can rigidify the polymer chains and enhance the 
hydrophilicity of membranes. Sorption data reveal that solubility of ethanol is higher 
than that of water for both PPSU and sPPSU membranes while diffusivity shows the 
opposite. Therefore, separation performance is mainly attributed to the preferential 
diffusion of feed components through membranes. In other words, selectivity is 
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mainly attributed to diffusivity selectivity, while solubility selectivity plays an 
insignificant role.  
 
The outstanding selectivity of sPPSU membranes are ascribed to their following 
characteristics: (1) comprising rigid polymer chains that possess high mechanical and 
hydrothermal stability; (2) containing sulfonate groups that facilitate water transport 
across membranes; and (3) possessing suitable d-spacing that enables to separate 
water from organics. However, a disappointed permeation flux was attained which is 
an inevitable obstacle for further industrialization. Therefore, dual-layer hollow fiber 
membranes with an ultrathin selective layer of 15-90 nm was designed to improve the 
permeation flux.  
 
 By manipulating spinning conditions and observing via FESEM and PAS, the effects 
of dope composition and concentration, coagulation temperature and outer-layer dope 
flow rate on membrane morphology and pervaporation performance were defined and 
harmoniously correlated. The best performance was obtained from the pristine fiber 
which was spun from a 16/16/68 wt % (sPPSU/PPSU/NMP) outer layer dope with an 
outer layer flow rate of 0.1 ml/min and coagulated at 10 ºC. After annealed at 150 ºC, 
The fiber has a dense-layer thickness of around 90 nm and shows a flux and 
separation factor of 2.30 kg/m
2
h and 687, respectively, which indicates a successful 
formation of a defect-free skin layer. Besides the sulfonate group-facilitated water 
transport of the sPPSU polymer, the following factors also contribute to the superior 
performance: (1) the inner-layer PPSU polymer provides antiswelling and operational 
stability; (2) the non-delamination structure between the inner and outer layers 
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strengthens the fiber integrity; and (3) the nanometric thin dense-skin layer reduces 
mass transport resistance substantially.  
8.1.2 Free-standing graphene oxide thin films 
Free-standing graphene oxide (GO) thin films have been assembled by a pressurized 
ultrafiltration method. The morphology of the GO film reveals a well-packed structure 
with a layer-by-layer pattern. This is due to the hydrogen bonding interactions that 
promotes the interlocking between GO nanosheets and enables the film to become 
highly stable. Besides, the high hydrophilicity and proper interlaminar spacing are the 
key factors for its successful application in pervaporation. Pervaporation performance 
indicates that the GO film exhibits preferential water transport and hence particularly 
high water permeability as well as outstanding selectivity.  
 
The effects of ultrafiltration pressure and feed composition on the film microstructure 
and pervaporation performance for dehydration of ethanol were investigated and 
correlated with XRD and PAS observations. Experimental results suggest that the 
interlaminar spacing is determined by both packing density of GO nanosheets and 
water content in the feed solution. The packing density is sensitively affected by the 
ultrafiltration pressure applied during the film formation. By tuning the ultrafiltration 
pressure, a high separation performance with water permeability of 13,800 Barrer and 
water/ethanol selectivity of 227 is achieved for dehydration of an 85 wt.% ethanol 
aqueous solution at 24 ºC. Additionally, the total permeability varied from 50 to 
113,000 Barrer by increasing water content in the feed from 0 to 100 wt.%. As a 
result, the ideal water/ethanol selectivity calculated from single-component feed tests 
is about 2260 which is much higher than the selectivity obtained from binary-
component feed tests. This discrepancy is probably attributed to the effect of inter-
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molecular hydrogen bonding between water molecules and the functional groups on 
GO nanosheets that enlarges the interlaminar spacing and allows more ethanol 
transport through the GO film. The interactions among the GO nanosheets and the 
feed components enable the film to effectively dehydrate ethanol via pervaporation. 
Based on its versatile properties, we believe that the GO film has great potential for 
various separations by chemically or physically tuning its interlaminar spacing.  
8.1.3 Triazine framework-based microporous membranes 
The microstructural evolution of a series of triazine framework-based microporous 
(TFM) membranes under different conditions has been explored in this section. The 
pristine TFM membrane is in-situ fabricated in the course of polymer synthesis via a 
facile Brønsted acid-catalyzed cyclotrimerizaiton reaction. The as-synthesized 
polymer exhibits a microporous network with high thermal stability. The free volume 
size of the TFM membranes gradually evolved from a unimodal distribution to a 
bimodal distribution under annealing, as analyzed by positron annihilation lifetime 
spectroscopy (PALS). The emergence of the bimodal distribution is probably ascribed 
to the thermal-induced cyclization reaction that converts the last portion of residual 
nitrile pendants to triazine crosslink. In addition, the fractional free volume (FFV) of 
the membranes presents a concave trend with increasing annealing temperature. 
Vapor sorption tests reveal that the mass transport properties are closely associated 
with the free volume evolution, which provides an optimal condition for dehydration 
of bioethanol. A high separation performance with extremely high water permeability 
has been attained for dehydration of an 85 wt% ethanol aqueous solution at 45 ºC. 
The study on the free volume evolution of the TFM membranes may provide useful 





Based on the experimental results obtained, discussions presented and conclusions 
drawn from this research, the following recommendations may provide further insight 
for future investigations related to the development of membrane materials with 
potentially high separation properties and the innovation of membrane fabrication 
technology. 
 
(1) The sPPSU-based hollow fiber membrane delivers superior separation 
performance for dehydration of IPA. However, it is still a great challenge for this 
membrane to dehydrate alcohols with smaller molecular size like ethanol or 
methanol because of severe swelling and small discrepancy in size. The 
separation factor for the effective dehydration of ethanol should be more than 
100, but the developed sPPSU-based hollow fiber membranes can only deliver a 
separation factor less than 30. Thus, a more dense skin layer is required for 
successful separation. Crosslinking of the skin layer would be a worthwhile way 
to densify the surface of the sPPSU-based hollow fiber membrane. For example, 
UV grafting of positively charged segments is a good alternative way. By doing 
so, ionic crosslinking with negatively charged sulfonated group would be 
achieved and the anti-swelling property of the membrane is expected to be 
improved. Another direction is to develop new UV-crosslinkable sPPSU by 
introducing reactive groups to the main polymer chains.  
(2) It has been found that GO film possesses high hydrophilicity and permeability. 
However, there are three urgent problems that need to be resolved: (1) 
unsatisfactory selectivity, (2) low permeation flux and (3) long-term operating 
stability. The selectivity is mainly determined by interlaminar spacing between 
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GO nanosheets which can be tuned by chemical or physical modification. For 
example, diamine crosslinking would be a simple but effective way to regulate 
the channel size. Incorporation of diamine would have two contradictory 
effects: nano-channel blocking and expansion of interlaminar spacing. Hence, 
chain length and geometry of diamines should be carefully rationalized. By 
doing so, the selectivity for ethanol dehydration is expected to be improved to 
500, so as to be comparable with other common polymers as shown in Table 
6.3. Long-term stability would also be improved by crosslinking. Permeation 
flux can be adjusted by either increasing the free volume cavities of the 
membrane or decreasing the membrane thickeners.  
(3) TFM membranes have extremely high water permeability but moderate 
selectivity for dehydration of ethanol. Further modification is necessary to 
improve the selectivity. One way is to synthesize new monomer with branched 
structure. Another way is to post-treat the current TFM membrane. For example, 
sulfonation of the membrane would be an effective method since TFM 
membrane is acid-resistant. Sulfonated group would not only blocking the large 
free volume cavities but also improve the hydrophilicity of the membrane. A 
special water channel may be formed by sulfonated groups and facilitate the 
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